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ABSTRACT 
 
 
 
Stretchable, multimodal, large-area sensor arrays can be utilized for many applications 
such as structural health monitoring of vehicles and infrastructure, tactile feedback for robotics, 
aerospace research and design, electronic textiles, tactile sensors for flexible displays, and low-
cost sensors for consumer applications.  These applications have a unique set of requirements, 
including support for multimodal sensory input, conformability to non-planar substrates, and 
low-cost, large area fabrication.  This research investigates a novel microelectronic process for 
fabricating sensors and interconnects on polymer substrates, where metal patterns serve both as 
functional electrode layers and as in-situ masks for excimer laser photoablation. This approach 
reduces the number of processing steps and photomasks, is scalable for large-area arrays, and is 
adaptable for a variety of materials and designs.   
This novel process is used for interconnect and sensor fabrication.  Rectilinear, 
meandering, and redundant interconnect structures have been designed, modeled, fabricated and 
tested to have a uniaxial stretchability of up to 50%.  Numerous capacitive MEMS devices, 
including pressure sensors, shear stress sensors, and condenser microphones, have been modeled 
and fabricated.  Individual 200 µm capacitive sensors show a capacitance change of 60 fF with 
an applied pressure of 500 kPa; these sensors also are fabricated as a sensor array to demonstrate 
successful readout of different pressure profiles.  InGaZnO amorphous oxide semiconductor 
thin-film transistors are fabricated and tested using the same flexible substrate to demonstrate 
compatibility with active devices.  The research concludes with large-area considerations 
including adaptability to large-area fabrication processes and design optimizations to maximize 
robustness and minimize vulnerability to defects. 
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CHAPTER 1 
INTRODUCTION 
1.1. Motivation 
Microelectromechanical systems (MEMS) combine microfabrication technologies with 
electrical engineering concepts and mechanical engineering principles for design and fabrication 
of low cost, high-performance sensors and actuators.  Commercially, MEMS is an emerging 
industry with a high growth rate; with a global market of $8 billion in 2010, the MEMS industry 
is forecasted to grow to $16 billion in 2015 [1].  There are hundreds of commercialized MEMS 
products for industry, health care, consumer products, construction, military, and space hardware 
applications [2].  While traditional products such as ink jet nozzles and digital light projectors 
continue to be large players in the market, newer products are being developed for automotive 
applications, mobile phone products, and medical applications.  In addition to the many sensors 
and actuators available in the MEMS industry, there are countless research projects which utilize 
MEMS technology for new applications.    
MEMS research started soon after microelectronic fabrication technologies were 
established for integrated circuits (ICs).  By the early 1970s, researchers had demonstrated the 
first MEMS sensors and actuators.  Since then, planar IC fabrication technologies ± such as 
reactive ion etching (RIE), evaporation, sputtering, oxidation, and ion implantation ± have been 
adapted to MEMS technology for the fabrication of reliable and cost-effective devices.  Just as 
microelectronic fabrication technologies for the integrated circuit solved the ³W\UDQQ\RIQXPEHUV´
that befuddled many early researchers [3], fabrication technologies for MEMS enable effective, 
low-cost, batch processing of sensor and actuator systems.  MEMS devices are often integrated 
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and fabricated concurrently with ICs, simplifying sensor readout and enabling efficient 
packaging techniques [4].   
One important trend in MEMS is the integration of many sensing modalities into one 
functional system.  For example, automotive or industrial applications may integrate temperature, 
flow, relative humidity, and pressure sensors while mobile phone applications combine different 
types of inertial sensors on the same chip [2].  Additionally, while traditional MEMS devices 
utilize silicon substrates, a burgeoning field of interest is in the area of polymer materials and 
flexible substrates for sensor array systems.   Sensors and active device integration on a flexible 
platform provides a robust solution for sensors to be mounted on non-planar surfaces, opening 
the door to many new applications.   Specific applications for these sensor arrays may include 
structural health monitoring (SHM) of vehicles and infrastructure [5-9], tactile feedback for 
robotics [10-27], aerospace applications [28-32], electronic textiles for patient, soldier, and 
athlete health monitoring [33-38], tactile sensors for flexible displays [39-42], and low-cost 
sensors for consumer applications [43-47].  
The large-area, multimodal, flexible and stretchable sensor array system mentioned above 
can be described using the term ³VPDUWVNLQ´ because the goal is to develop an electronic skin 
that mimics the functionality of the human skin.  The human skin relays important information 
about its environment to the brain, sensing touch, pressure distributions, vibrations, surface 
temperature and heat conductivity.  The skin also detects if part of the surface is broken or 
injured and relays the sensation of pain.  Lastly, the human skin, through its flexible, stretchable, 
and conformable nature, protects the entire surface of the human body and even initiates self-
repair when damaged [48].  Similar to the human skin, the smart skin electronic skin integrates 
many modes of sensing - such as temperature, pressure, humidity, strain, and chemical 
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composition - on a flexible and stretchable substrate platform.  The smart skin vision 
encompasses the integration of multimodal sensors with stretchable interconnects and utilizes 
active devices for data acquisition, communications, and power systems for a comprehensive, 
self-sufficient solution (Figure 1.1).  Through its multimodal sensors, the smart skin system 
acquires various types of pertinent environmental information to the user.  To increase the 
viability and practicality of large-area sensor arrays, they must be flexible, robust, and 
conformable to many surfaces.  To be practical and commercially viable, these sensor arrays 
must be fabricated on a large-area scale at a low cost.  
 
Figure 1.1. Smart skin vision. 
 
1.2. Applications  
There is a broad array of potential sensing applications for smart skin sensor array 
systems, so the development of an effective smart skin system is important.  This section 
summarizes the requirements for applications in structural health monitoring, tactile sensing, 
aerospace, electronic textiles, flexible displays, and low-cost sensors for consumer applications. 
 
1.2.1.  Structural Health Monitoring 
The smart skin system will be useful for structural health monitoring (SHM) of 
infrastructure.  In particular, SHM of aircraft is very important in the transportation industry, as 
Multimodal Sensors
Communications Link
Data Acquisition System
Stretchable Interconnects
Power/Energy 
Harvesting Systems
Flexible and 
Stretchable Substrate
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aircraft continuously go through cyclic environmental changes, which lead to corrosion, crack 
formation, and ultimately structural failure [5]. There is a growing need for SHM of aircraft as 
many vehicles have been operating beyond their design lifetime. This issue also becomes more 
important as new aircraft transition to composite materials.  Unlike metal structures, composites 
are more prone to internal damage that has no surface manifestation, and thereby remains 
undetected by visual inspection methods [6]. Currently, SHM is performed manually using 
ultrasonic and other physical detection techniques, which is time-consuming and costly to the 
airlines.   
 
Figure 1.2. Proposed structural health monitoring system for aircraft.  Source: [49]. Reprinted with permission. 
 
 
Several sensing mechanisms have been proposed for SHM of aircraft, such as 
electromagnetic wave detection, acoustic wave propagation, and structural strain monitoring [7] 
(Figure 1.2).  These sensors can be implemented using MEMS sensors and actuators on large-
area sensor array skins. By placing these sensors directly on the aircraft structure using 
conformable sensor arrays, structural damage is detected immediately, alerting the pilot and 
ground crew of any imminent structural failure.  This will result in higher passenger safety, 
especially for older aircraft.  These sensors will also reduce maintenance costs because airlines 
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can determine the safety of an aircraft without performing extensive overhauls, thus keeping the 
airplanes in service for a larger percentage of time [8].  
Similarly, SHM of space-craft is essential.  Currently, NASA uses several techniques to 
detect damage to the structure and thermal protection system of the space shuttle orbiter.  These 
tests consist of visual and hands-on inspections of tile damage after re-entry as well as elaborate 
nondestructive evaluation techniques.  In addition, infrared cameras detect cooling abnormalities 
immediately after re-entry; abnormalities may indicate damage to the thermal protection system 
and underlying structure.  NASA also utilizes several nondestructive evaluation techniques such 
as eddy current detection, ultrasound, and X-ray analysis to detect cracks and imperfections.  
NASA is also developing new techniques such as Raman micro-spectroscopy to detect micro-
defects in thermal tiles.  The accurate detection of damage to space vehicles becomes more 
important in future long-term missions to the moon and Mars, because the integrity of the 
structure and thermal protection system must be validated before returning back to Earth [9].   
Large-area multimodal sensor arrays can be attached on structural components of future space 
vehicles to assist in damage detection.  Similar to aircraft SHM, these sensor arrays may use 
strain sensors, electromagnetic sensing, and acoustic sensing techniques to detect structural 
abnormalities.  These sensor arrays will also have temperature sensors to detect damage to the 
thermal protection system of the spacecraft.  
Large-area, multimodal sensor arrays for SHM are also essential for the protection and 
monitoring of building infrastructure.  For example, pipelines carrying oil are susceptible to 
corrosion, and a break in the pipeline could have dire consequences.  Likewise, many bridges 
and buildings are prone to damage caused by adverse environments, so large-area sensors for 
SHM can help detect problems before a catastrophic structural failure occurs.  SHM becomes 
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more essential for new buildings which are made of unique materials that render visual 
inspection inadequate for structural damage detection [6]. Using similar methods, stretchable, 
large-area sensor skins will monitor and protect infrastructure, which will reduce preventative 
maintenance costs and improve infrastructure safety and robustness. 
 
1.2.2. Tactile Sensors 
Smart skin multimodal sensor arrays can be used for tactile feedback for robotics 
applications.  Robots and robotic devices have been used in the manufacturing industry for a few 
decades.  The advancement of robotics has led to the introduction of humanoid robots to the 
home environment.  These humanoid robots will assist senior citizens and young children and 
will be friendly companions [10].  As these assistant robots become more commonplace and 
begin to interact with humans, it will be increasingly important for them to have a sense of touch  
[13], giving them the ability to handle fragile items and interact with humans in a gentle and civil 
manner  [11].   
Recently, Shadow Robot Company commercialized a robotic arm and hand system 
(Figure 1.3).   This robotic hand has the dexterity of a human hand and manipulates fragile 
objects such as light bulbs and eggs.  The hand has 24 degrees of freedom, is driven by 
pneumatic actuatLRQDQGFDQEHRXWILWWHGZLWK³WDFWHOV´IRUWDFWLOHVHQVLQJ(DFKWDFWHO returns a 
force or pressure readout describing the nature of the contact.  While the mechanical components 
of building a robotic arm are superb, Shadow Robot acknowledges that one of the largest 
remaining challenges is the availability of a tactile sensor that will mimic the human skin to 
provide high resolution tactile feedback across the entire surface of the robotic hand [50]. 
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The sense of touch can be realized through stretchable, multimodal sensor arrays that 
mimic the human skin, and such arrays have piqued the interest of many research groups [10-27].  
These sensor arrays have pressure and shear stress sensors to detect tactile information such as 
shape, pressure, friction, and temperature.  Sensor arrays also need to be high resolution (i.e., 
many sensing elements per unit area) and should cover a large area (the surface of the robot) 
while also being reliable and low-cost. For high sensitivity, sensors also need to be soft, 
stretchable, and conformable, so they can be placed on the surface of a robot hand or arm [10].  
These large-area sensor arrays will enable robots to acquire more sensory information and to 
better interact with the environment. 
 
Figure 1.3. Commercialized dexterous hand system manufactured by Shadow Robot Company. (a) Photo of 
dexterous hand and arm. (b) The dexterous hand is capable of manipulating a fragile object, such as an egg.  Source: 
[50]. Reprinted with permission. 
 
1.2.3. Aerospace Applications 
 A variety of aerospace applications will take advantage of smart skin sensor arrays.  
Multimodal sensor arrays may be useful in micro air vehicles (MAVs), which are autonomous 
aircraft that are roughly the size of a small bird, as shown in Figure 1.4.  These vehicles typically 
have wing spans of 30-50 cm and weigh less than 500 g.  MAVs typically carry a plethora of 
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sensors for civilian and military missions, such as traffic monitoring, weather observation, 
chemical detection, and enemy surveillance [28, 29, 32].  One of the most critical challenges to 
MAV development is weight reduction; therefore, using lightweight, multifunctional sensor 
skins in place of traditional sensors is very attractive [31].  The sensor skin can be attached 
directly on the wing and structure, reducing the weight of the vehicle without compromising its 
sensing abilities.  Flow sensors, accelerometers, and gyroscopes will augment flight and 
navigation systems.  Furthermore, these sensor skins may contain a multitude of sensors for 
environmental monitoring.  For example, temperature, humidity, and pressure sensors on the 
sensor skin will be necessary for weather monitoring, while chemical sensors will be useful in 
military missions for detecting chemical warfare agents and other threats. 
 
Figure 1.4. Micro air vehicles will benefit from integrated sensor arrays.  (a) 18-inch fixed-wing micro air vehicle. 
Source: [28]. © 2005 IEEE, reprinted with permission. (b) 6-inch flexible-wing micro air vehicle with integrated 
video camera.  Source: [32]. Reprinted with permission. 
 
 
 In addition to multimodal sensing for MAVs, large-area sensor arrays may also be used 
for aerodynamics modeling.  Currently, discrete MEMS sensors have been utilized to monitor 
the fluid-structure interface of the wing as well as structural vibrations for testing aeroelastic 
wing characteristics [30].  Large-area sensor arrays containing flow sensors can be placed on the 
surface of the wing for detailed flow sensing of the fluid-structure interface of the wing and 
fuselage; this information will be used for optimization for increased efficiency and economical 
9 
 
design.  Sensor skins will also have accelerometers to detect vibrations and buffeting during 
wind tunnel tests.  These large-area sensor skins will be an invaluable tool for aerospace 
engineers, resulting in more efficient and economical design of aircraft.   
 
1.2.4. Flexible Displays 
 Multi-touch screens are ubiquitous in the mobile electronics industry today, enabling an 
intuitive yet creative user interface (Figure 1.5).  In addition, user interaction with mobile 
devices is further enhanced by inertial sensors such as accelerometers.  The future of mobile 
computing may trend towards flexible and conformable displays, as evidenced by the importance 
of research on organic, active-matrix, flexible displays [40, 41, 51-53].  Flexible and 
conformable displays, which will spawn new paradigms of interaction, necessitate the 
development of multimodal sensors on flexible and conformable surfaces.  For example, Benko 
et al. envision a spherical display with multi-touch sensing [39], while Schwesig et al. prototype 
a bendable computing device which interfaces through display bending, position sensors, and tilt 
sensors [42].   
One obstacle to commercialization of these technologies is the unavailability of sensor 
components for flexible displays.  Thus, the successful fabrication of flexible and conformal 
multimodal sensor arrays will allow users to interact with electronic devices without the 
limitations present in a rigid display application.  These arrays will contain sensors for multi-
touch tactile sensing and strain sensing to detect display bending; in addition, inertial sensing 
will be used for tilt detection.  This system will improve the realm of interaction between the 
user and the electronics.  
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Figure 1.5. Flexible displays can benefit from multi-touch interfaces.  (a) Text image shown on a flexible active-
matrix electronic display. Source: [52]. Reprinted by permission from Macmillan Publishers Ltd: Nature, Y. Chen et 
al., ³)OH[LEOHDFWLYH-PDWUL[HOHFWURQLFLQNGLVSOD\´FRS\ULJKW (b) Flexible display fabricated by Plastic Logic.  
Source: [53]. Reprinted from Materials Today, YRO--DQJ³'LVSOD\VGHYHORSDQHZIOH[LELOLW\´SS-52, 
copyright 2006 with permission from Elsevier. 
 
1.2.5. Electronic Textiles 
Smart skin multimodal sensor arrays can be used for patient, soldier, and athlete physical 
health monitoring.  The heartbeat is an important body function to monitor; currently, 
electrocardiographs (ECGs) detect electrical signals emitted from the heart.  However, these 
electrodes currently interface with the patient skin via discrete wires and limit the mobility of the 
patient.  Because of the low signal-to-noise ratio, ECG readouts are severely impacted by noise 
generated by patient movement.  Occasionally, the patient will inadvertently disconnect the 
electrodes, thus limiting the effectiveness of ECG monitoring.  Due to the discrete nature of the 
electrodes, attaching the electrodes on the patient is a time-consuming process; also, the number 
of sensing electrodes is limited by practical constraints [33]. By implementing a large-area 
sensor array for monitoring of electrical signals, patients will have more mobility, and the 
accuracy of the ECG will improve due to less noise and more data points.  Since the patient will 
be easily monitored on a daily basis rather than in a hospital setting, the sensor array ECG will 
also identify problems that may not appear during hospital visits.   
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Acoustic signals can also be detected using a stethoscope-like sensor for physical health 
monitoring.  Physicians traditionally use a stethoscope to listen to the faint sounds corresponding 
to the opening and closing of the heart valves [34].  Acoustic monitoring may also be used to 
monitor other bodily functions and detect potential problems such as abnormal breathing [35].  
By emulating the function of a stethoscope, large area sensor-arrays can detect these acoustic 
signals through strategically placed pressure sensors for a less intrusive and superior patient 
health monitoring method. 
Multimodal sensor arrays can also monitor patient body temperature during the course of 
the day.  Typically, the body temperature of the patient will be 37 qC, varying less than 1 qC 
throughout the day.  Traditionally, a mercury thermometer is used to monitor body temperature 
at discrete times, usually only after the patient has exhibited symptoms of infection.  These 
infections can be detected earlier and treated more effectively with the temperature sensors on an 
electronic textile sensor array [36]. 
Large-area sensor skins will also be an invaluable asset in combat situations for soldier 
health monitoring.  An acoustic sensor pad has been developed for the monitoring of cardiac and 
respiratory function using a water-filled bladder and a hydrophone [35].  The acoustic sensor pad 
detects changes in breathing due to an obstructed airway, a chest wound, or a collapsed lung.  
The acoustic sensor pad also detects irregular heartbeats that might indicate injury.  These 
signals can be combined with background environmental sounds and vocal signals to alert the 
military when the soldier is incapacitated; consequently, resource distribution and emergency 
care for injured soldiers will improve.  When attached to a stretcher, gurney, or hospital 
operating table, the acoustic sensor pad monitors injured soldiers during critical situations [35].  
Like acoustic sensor pads, large-area sensor arrays will use acoustic information through the 
12 
 
form of pressure sensors to provide a low-cost and reliable solution for soldier health monitoring 
in combat situations.  
 
1.2.6. Low-Cost Sensors 
One of the goals for large-area, multimodal sensor arrays is cost-effective, reliable sensor 
fabrication because polymer substrates reduce costs significantly as compared to traditional 
silicon substrates. Thus, these proposed sensor arrays offer lower-cost alternatives to existing 
pressure sensor applications (Figure 1.6).  Currently, pressure sensor arrays are used as data 
analysis tools in many industrial and manufacturing applications.  Sensor arrays are needed for 
pressure calibration of commercial clamping and lamination tools as well as tools requiring 
clutch calibration.  Sensors are also needed in bonding and sealing applications.  There are also 
many application-specific purposes for pressure sensor arrays; for example, pressure sensors are 
used in the automotive industry for windshield wiper pressure distribution, spray pattern pressure 
distribution, and seat belt pressure management.  For the health care industry, pressure sensors 
are used for prosthetics, footwear development, and patient rehabilitation.  The development of a 
new, low-cost process will significantly increase the availability and reliability of these sensor 
array products and will benefit many commercialized and industrial applications [43, 44]. 
In addition to current applications, many new industries can take advantage of low-cost 
sensors.  For example, the same fabrication techniques and materials that are attractive for large 
area sensors may be utilized for disposable, low-cost sensors for consumer products.  If a low-
cost food freshness sensor is incorporated into perishable product packages in the marketplace, 
spoiled or contaminated food can be detected and safely disposed.  Additionally, the freshness 
sensor determines if the product has spoiled in the refrigerator after the consumer purchases it.  
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Currently, fish freshness is evaluated qualitatively using criteria such as appearance, odor, color, 
and texture.  A fish freshness sensor will use similar strategies ± detecting changes in resistivity, 
texture, and airborne chemicals to determine the freshness of a product.  The fabrication of low-
cost sensors for chemical sensing is particularly interesting because fish tissue emit certain 
distinct volatile compounds during the decaying process [45].  Similar sensors can be 
implemented for freshness detection of perishable foods such as vegetables, eggs [47], and meat 
[46].  These products eliminate waste and improve quality control for consumer food products. 
 
Figure 1.6.  Commercial and industrial applications for pressure sensor arrays.  (a) Brake pad pressure 
measurements for automotive applications.  (b) Sensors for footwear research.  (c) Pinch roller pressure 
measurement for industrial applications.  Source: [43].  Reprinted with permission. 
 
1.3. Dissertation Overview 
There are many important applications for smart skin sensor arrays across a plethora of 
industries.  In light of these goals and applications, this dissertation develops reliable and low-
cost fabrication processes for large-area, stretchable sensor arrays focusing on heterogeneous 
integration of different sensors and materials.  By utilizing flexible polymer substrates and low 
temperature processes compatible with these substrate limitations, the need for a silicon handle 
wafer is eliminated.  In addition, the polymer substrate and structure enables effective patterning 
with photoablation.  This dissertation introduces a novel fabrication process ± photoablation with 
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in-situ masking ± which utilizes functional metal layers also as in-situ masks to further reduce 
processing costs and complexity.   
This dissertation first demonstrates processes for the fabrication of interconnects, sensors, 
and active devices with the goal of utilizing the same substrate and fabrication processes for all 
devices.  For interconnects, various rectilinear and redundant designs are modeled, fabricated, 
and tested to evaluate effectiveness for smart skin applications.  For sensors, the capacitive-based 
pressure sensor and the resistance thermal device (RTD) based temperature sensors are modeled, 
fabricated, and tested.  Moreover, shear stress sensors and condenser microphone structures are 
modeled and fabricated to demonstrate that the fabrication approach is adaptable to a variety of 
capacitive sensor devices.  The active devices component of the dissertation examines 
amorphous oxide semiconductors (AOS) for thin-film transistors (TFTs) on flexible substrates.  
Finally, large-area considerations are discussed in the dissertation; in particular, the dissertation 
examines vulnerability to electrical defects, discusses the severity of conical defects, and details 
opportunities and challenges of large-area fabrication.  
This dissertation is organized as follows:  Chapter 2 describes the background on 
research and commercialized sensor skin systems, focusing on sensing modalities and fabrication 
methodologies.  Chapter 3 introduces the innovative photoablation with in-situ masking concept 
and discusses various fabrication processes that utilize the concept.  Chapters 4, 5, and 6 focus 
on the development, modeling, fabrication, and test of interconnects, sensors, and thin-film 
transistors.  Chapter 7 investigates large-area considerations for smart skin sensor arrays, 
suggesting methods to quantify robustness, vulnerability to conical defects, and adaptability to 
large-area fabrication approaches.  Chapter 8 summarizes the findings, presents the advantages 
of the proposed fabrication method, and offers recommendations for future research. 
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CHAPTER 2 
BACKGROUND 
 
The new realm of fabrication challenges introduced by flexible and stretchable 
electronics has invigorated many researchers and engineers to develop creative approaches to 
tackle these challenges.  Solutions include utilizing polydimethylsiloxane (PDMS) and 
polyimide substrates in conjunction with organic thin-film transistors, using transferring 
techniques, or developing stretchable silicon interconnect technology through deep reactive ion 
etching technology.  This chapter first examines commercialized approaches to flexible sensor 
arrays.  Next, research-based approaches to flexible sensor arrays are introduced; since there are 
many different approaches, this section is further sub-divided by fabrication methodology.  For 
each fabrication method, potential sensing applications are discussed and the advantages and 
shortcomings of each approach are evaluated. 
 
2.1. Commercialized Sensor Array Products 
 Tactile sensing systems have been commercialized by a few manufacturers.  For example, 
TekScan manufactures tactile sensing arrays up to 6 inches in size, with a resolution up to 248 
sensors/cm2 (Figure 2.1a).  These tactile sensors are used in medical, automotive, and industrial 
applications.  TekScan designs these sensors with row and column electrodes sandwiching a 
semiconducting polymer material and fabricated on a polymer sheet, such that applying pressure 
locally increases the conductivity of the semiconducting polymer between the row and column 
electrodes [43].  $VLPLODUWHFKQRORJ\NQRZQDV³7DFWLOXV,´LVDFRPPHUFLal product 
manufactured by Sensor Products Inc.  Tactilus is a pressure sensor array capable of reading out 
16 
 
pressures between 0.1 psi and 2000 psi (Figure 2.1b).  The sensing elements utilize piezoresistive 
properties for sensing, can be spaced 2 mm apart in an array and have a data acquisition 
frequency of up to 100 Hz [44]. 
 
 
Figure 2.1. Commercialized pressure sensor array products.  (a) Custom tactile pressure sensor manufactured by 
Tekscan.  Source: [43]. Reprinted with permission. (E³7DFWLOXV´SUessure sensor array with data acquisition 
hardware manufactured by Sensor Products Inc. Source: [54].  Reprinted with permission.   
 
 
The successful commercialization of tactile sensor arrays highlights the importance of the 
smart skin sensing system.  These patented methods are effective and accurate tools for tactile 
pressure sensing, and the available data acquisition hardware and software aid in data readout 
and analysis.  One disadvantage is limited sensing modalities ± these sensors are unable to 
measure temperature or shear stress, which may be important in many applications.  Furthermore, 
conformability is limited because the substrates are flexible but not stretchable, thereby limiting 
these sensor arrays to applications with planar or cylindrical surfaces.   
 
2.2. Research-Based Approaches for Sensor Arrays 
Scientists and engineers have researched many different approaches for fabrication of 
flexible and stretchable sensor arrays.  This section groups the various approaches by fabrication 
strategy and discusses each method in detail.   
 
(a) (b)
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2.2.1. Macrofabrication  
Macrofabrication is the set of conventional forming, cutting, and joining techniques used 
for the manufacture and assembly of most ³ODUJH-VL]HG´GHYLFHV.  Macrofabrication techniques 
for sensor fabrication accommodate a wide variety of designs and materials. Wettels et al. 
develop a biomimetic fingertip tactile sensor, which contains a rigid inner core, an elastomer 
outer surface, and a weakly conductive fluid between the two materials (Figure 2.2).  External 
forces deform the elastomeric surface, which impacts the distribution of the weakly conductive 
fluid and changes the sensed resistance in the electrode contacts distributed around the core.  The 
sensitivity of the device depends on the size of the contacts, the conductivity of the fluid, and the 
viscoelastic properties of the fluid and the elastomers [19, 20]. 
 
Figure 2.2. Biomimetic fingertip tactile sensor. (a) Schematic of sensor. (b) Image of working sensor prototype.  
Source: [19]. Copyright 2007, IEEE, reprinted with permission. 
 
As mentioned, Wettels et al. fabricate and assemble this sensor using macrofabrication 
techniques.  First, a mold is created in the shape of a fingertip to form the core, and gold and 
copper contacts are attached to the surface of the mold.  An acrylic mixture is poured on the 
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mold; after curing, the acrylic material forms the core RIWKH³ILQJHU.´ The fingertip material is 
then fabricated using PDMS pre-cursors.  Lastly, the conductive fluid is injected between the 
core and the fingertip material [19, 20].  Advantages to macro-fabrication techniques include 
high customizability of shape and electrode placement.  However, assembly procedures are often 
tedious and limit large-scale, high-resolution manufacturing.  Furthermore, individualized 
assembly procedures may result in yield and reproducibility problems. 
 
2.2.2. Deep Reactive Ion Etching of Silicon 
Due to inherent limitations of macrofabrication techniques, the majority of fabrication 
approaches utilize microfabrication techniques.  One approach employs deep reactive ion etching 
(DRIE) of silicon; although silicon is an inherently rigid and brittle material, its selective etching 
results in spring-like, stretchable structures for stretchable sensor arrays.  Deep reactive ion 
etching uses low-pressure plasmas containing chlorinated or fluorinated precursors, alternating 
between etching and passivation of sidewalls to produce very high aspect ratio structures [55].  
The fabrication method, summarized in Figure 2.3, first utilizes a standard foundry process for 
analog and digital circuitry patterning on a silicon-on-insulator (SOI) substrate.  MEMS or 
piezoelectric-type transducers can be fabricated at the top layer.  For stretchability, DRIE 
removes selective regions of the substrate to form stretchable structures.  Finally, etching of the 
oxide layer of the SOI substrate releases the structures from the silicon substrate, forming a 
stretchable, free-standing sensor array as shown in Figure 2.4.  The sensor array can be attached 
to a polymer substrate for stability [5].   
DRIE of silicon for stretchable structures has a few advantages.  Because the structures 
are fabricated on a silicon substrate, the fabrication process flow is very similar to the mature and 
standardized processes of integrated circuit fabrication.  The final structure scales to large sizes 
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beyond the size of the silicon wafer.  Silicon relief structures make the design more robust and 
durable than traditional sensor structures.  The most important disadvantages are that, although 
made stretchable through selective patterning, silicon is still inherently a brittle material; 
although stretchable in one direction, the brittleness limits conformability and stretchability in 
other directions.  Even though the final substrate size can be scaled beyond the size of a silicon 
wafer, there are limitations to the extent of the scaling.  In addition, the process is not compatible 
with large-area, low-cost fabrication using roll-to-roll techniques [2]. 
 
Figure 2.3. Fabrication process flow showing DRIE for stretchable sensor arrays.  (a) Silicon-on-insulator (SOI) 
substrate. (b) Device fabrication processes. (c) Interconnect patterning processes. (d) Silicon DRIE. (d) Oxide layer 
etching and wafer release.  
 
  
Figure 2.4. SEM micrographs of stretchable structures patterned by DRIE.  Source: [5]. Reprinted with permission. 
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2.2.3. Transferring Techniques 
Transferring is a technique of first processing structures on a host wafer and then 
displacing them as a decal onto a flexible substrate.  Because sensors and active devices are first 
fabricated on a rigid substrate, there are fewer fabrication issues.  Rigid sensor structures are 
made flexible by first fabricating active devices and sensors on silicon islands and then 
transferring these devices to a flexible layer, which contains interconnects to interface with the 
silicon islands.  The resulting structure is relatively flexible because rigid silicon islands only 
occupy a small area of the substrate.  The fabrication process is as follows (Figure 2.5):  After 
the active layer and MEMS device are formed on the silicon substrate, a layer of polymer is 
deposited on the top of the silicon substrate.  DRIE selectively removes silicon until only small 
rigid islands remain [36].  
 
 
Figure 2.5.  Fabrication process flow showing transferring techniques for stretchable sensor arrays. (a) Silicon 
substrate. (b) Device and sensor fabrication. (c) Interconnect fabrication processes (d) Spin-on polymer deposition. 
(e) Back-side silicon bulk etching (DRIE) for formation of silicon islands. 
 
 
The transferring concept can be used with an elastomeric substrate for additional 
stretchability by stretching the elastomer before bonding with the silicon elements (Figure 2.6).  
A sheet of elastomeric material, PDMS, is then pre-stretched and attached onto the SOI substrate.  
The oxide layer is etched away, so the silicon lines are removed from the mother substrate.  
(a) (b) (c)
(d) (e)
Metal interconnects
Silicon
Spin-on Polymer
Active devices
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Upon release of the strain on the PDMS, the material shrinks to its original size, and the silicon 
lines form ribbons.  Using this method, sensors and active devices can be fabricated on silicon 
using traditional and established silicon fabrication technology.  The resulting substrate, 
containing PDMS and silicon ribbons, can be stretched without damage to the silicon layer [56-
59].  A similar technique has been demonstrated with metal thin-films, using pre-stretched 
elastomers to form ribbon-structures for increased robustness and stretchability [60, 61].  
Numerous devices have been fabricated using these methods.  Rogers et al. demonstrate the 
fabrication process for silicon transistors, logic gates, and ring oscillators.  This fabrication 
process has been utilized for a spherical photodiode array (Figure 2.7a), which mimics the retina 
of an eyeball.  In addition, flexible LED arrays (Figure 2.7b) have used the transferring method 
described above [58]. 
 
 
Figure 2.6.  Fabrication process flow showing ribbon structure fabrication for stretchable sensor arrays.  (a) Silicon 
patterns on a SOI wafer. (b) Active device and sensor fabrication. (c) Interconnect deposition and patterning. (d) 
DRIE of silicon. (e) Adhesion with pre-strained elastomeric substrate. (f) Substrate release for ribbon structures.  
 
Advantages to the transferring process include versatility and maturity in active device 
design.  Because all devices are fabricated using the host semiconductor substrate, this technique 
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does not require new techniques for active devices.  Furthermore, this process is compatible with 
high-speed active devices on a many different types of host substrates for thin-film transistors, 
photodiode arrays, and LED arrays.  However, thin-film ribbons tend to be fragile if exposed to 
certain types of stresses, thus limiting structure robustness.  Also, integration with tactile or shear 
stress sensors is challenging, since applying a tactile or shear stress force on the substrate surface 
will likely break the stretchable ribbons.   Lastly, the flexible ribbon formation may form a 
seemingly random formation, making the structure harder to predict and model, limiting 
robustness and decreasing design versatility as certain applications may have strict requirements 
for interconnect performance and stretchability. 
 
 
Figure 2.7. Devices fabricated using the transferring method.  (a) Photodiode array.  (b) Red LED array.  Source: 
[58]. Reprinted with permission. 
 
2.2.4. Spin-On Polymers and Handle Wafers 
In this process, the silicon substrate is DWHPSRUDU\³KDQGOHZDIHU´IRUVWUXFWXUDOULJLGLW\
during processing, spin-coating, and curing of the flexible material such that conventional 
microfabrication equipment and processes can be used.   The fabrication process is as follows 
(Figure 2.8):  First, a thin lift-off resist (LOR) layer is spin-coated on the silicon.  Next, several 
structural layers are patterned; structural layers may be polymer structural layers, metal 
(a) (b)
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interconnect patterns, or dielectric layers for passivation.   After structural layers are fabricated, a 
solvent dissolves the lift-off resist such that the structural layer is released from the silicon 
handle wafer.  The final sensor is assembled by aligning and bonding each layer together.  
Furthermore,  layers are separately processed and assembled, so MEMS structures can be easily 
fabricated without the use of sacrificial materials, but at the cost of a complex assembly process 
[11, 12, 25]. 
 
 
Figure 2.8. Fabrication process flow showing spin-on polymers and silicon handle wafers for stretchable sensor 
arrays. (a) Silicon substrate.  (b) LOR coating.  (c) Device fabrication.  (d) Interconnect fabrication.  (e) Polymer 
deposition.  (f) LOR dissolution for silicon wafer release. 
 
Using this fabrication process and spin-on PDMS material, Lee et al. demonstrate a 
modular expandable tactile sensor system (Figure 2.9).  Each sensor array consists of 16 x 16 
cells spaced 1 mm apart.  A capacitive sensing mechanism is chosen for this system; applied 
pressure deforms the PDMS structures, decreasing the air gap between the top and bottom 
electrodes and increasing the sensed capacitance.  Individual sensors are probed by selecting 
individual column and row electrodes and grounding all other sensors.  The sensor array is a 
modular structure which can be placed adjacent to other similarly sized arrays to build a large 
(a) (b) (c)
(d) (e)
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tactile sensing array [11].  Advantages of this method include flexible sensor array fabrication 
with process and equipment standardization.  However, a handle wafer, which facilitates 
processing, also limits the final size of the structure.  Fabrication processes also necessitate 
manual alignment and assembly between various structural layers, which can be cumbersome 
and tedious, if processed at a large scale . 
 
 
 
Figure 2.9. Flexible structures fabricated using spin-on polymers and silicon handle wafers.  Source: [11]. 
Copyright 2005, IEEE, reprinted with permission. 
 
2.2.5. Direct Fabrication of Flexible Substrates 
Direct fabrication of sensors on flexible substrates eliminates the handle wafer.  The 
fabrication process is as follows (Figure 2.10).  A thin layer of aluminum is first deposited on the 
front side of a polyimide substrate, acting as an etch stop when etching the diaphragm layer from 
the back side.  Afterwards, alternating layers of metal and thin-film spin-on polyimide are added 
to the substrate for metal electrodes and for the tactile bump [15-18, 62].  Polyimide is then 
etched from the back side using bulk micromachining processes to form a diaphragm for the 
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pressure sensor (Figure 2.11).  This process is compatible with a variety of flexible substrates 
including stainless steel [63], parylene [21-23], and PDMS [64].   
 
 
Figure 2.10.  Fabrication process flow showing direct fabrication on flexible substrates for stretchable sensor arrays.  
(a) Flexible (polymer) substrate. (b) Device fabrication on polymer substrate. (c) Interconnect fabrication. (c) Spin-
on polymer coating for passivation. (d) Back-side substrate etch (optional). 
 
 
Figure 2.11.  Multimodal sensor arrays fabricated directly on flexible substrates.  (a) Optical micrograph showing 
flexibility of the sensor array. (b) Schematic detailing the multimodal sensor operation.  Source: [17].  Reprinted 
from Sensors and Actuators A: Physical, vol. 117, J. Engel et al., ³3RO\PHUPLFURPDFKLQHGPXOWLPRGDOWDFWLOH
VHQVRUV´pp. 50-61, Copyright (2005), with permission from Elsevier. 
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Using this technique, Engel et al. demonstrate a multimodal sensor array on a polyimide 
substrate; the device contains a reference nickel resistance temperature device (RTD), a heater 
and RTD pair, a strain gauge attached to a membrane for contact sensing and a reference strain 
gauge.  Sensors are mounted in a Wheatstone bridge configuration to increase sensitivity using 
these sensors. This system monitors temperature, hardness, thermal conductivity, and film 
curvature [15-18, 62].   
Use of flexible substrates without the temporary handle wafers reduces fabrication 
processes and eliminates size constraints for large-area sensors.  Flexible substrates can be 
fabricated using roll-to-roll techniques for large-area, cost-effective processing.  However, 
flexible substrates are logistically more difficult to handle in the cleanroom since most of the 
equipment is designed for rigid substrates; furthermore, differences in coefficient of thermal 
expansion (CTE) of flexible materials may result in unwanted substrate bending [4].   Moreover, 
this device has limited conformability since the polyimide substrate has limited stretchability.  
Stretchability can be enhanced through use of an elastomeric substrate or selective removal of 
the polymer substrate [21-23]. 
 
Sensor arrays on flexible substrates may be combined with organic active devices for 
signal conditioning and routing.  Someya et al. demonstrate pressure and temperature sensor 
arrays with organic pentacene TFT transistors on a parylene substrate (Figure 2.12).  Pressure 
sensors are realized by a pressure-sensitive conductive rubber whose resistance changes from  
1 M: to 100 : under 104 Pa of applied pressure.  Thermal sensors are based on temperature-
sensitive organic diodes.  Pentacene active devices are placed in series with the sensors such that 
sensors can be individually addressed by row and column electrodes.  Selective regions of the 
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polymer substrate have been removed for stretchability and conformability to nonplanar surfaces.  
For additional stretchability, a PDMS-based approach with metallic carbon-nanotubes can be 
used as the interconnect material [21-24].  Fabrication begins with deposition and patterning of 
gate electrodes using 50 nm gold and 5 nm chromium as a stick layer.  Then, application and 
curing of the spin-on polyimide layer forms a 750 nm dielectric layer.  Next a pentacene layer is 
deposited, followed by a 60 nm deposition of gold source and drain electrodes.  Active devices 
are integrated with pressure sensors formed by a commercially available pressure-sensitive 
rubber sheet.  To increase conformability, a CO2 laser drilling machine removes portions of the 
parylene substrate [24]. 
 
Figure 2.12.  Organic thin-film transistors for sensor array applications.  Selective removal of polymer substrate for 
stretchable structures improves stretchability.  Source: [22].  Copyright 2006, National Academy of Sciences, USA, 
reprinted with permission. 
 
Advantages of this process include integration of several sensing nodes into a stretchable 
and conformable mesh solution, and the fabrication of active devices concurrently with sensor 
meshes.  Scalability is an important limitation with this method, since the CO2 laser drilling for 
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conformability is not a batch process.  Moreover, organic active devices currently have limited 
device performance, which may limit effectiveness of the sensor mesh. 
 
2.3. Limitations of Current Approaches  
The techniques described in the previous sections have several important limitations.   
 
1. There is a lack of heterogeneous integration among materials and sensors.  Whereas 
sensors are needed for the myriad applications listed in Chapter 1, many of these 
solutions consist of discrete sensors, which limit the manufacturability of the system.  
While multimodal sensors have been demonstrated to a limited extent in research, each 
sensing mode typically requires unique processing sequences and materials, resulting in 
high complexity and high fabrication cost.  Because there is no unified fabrication 
methodology, design costs are high and low-throughput processes prevail, since each 
application is a unique design.  
2. There are throughput and size restrictions associated with current fabrication processes.  
Several solutions described above use silicon substrates as part of the fabrication solution.  
Silicon-based processing is an established technology with high-yield processes; however, 
sensor skins will ultimately be limited by size restrictions of the silicon wafer and by 
silicon processing equipment.  In addition, several solutions utilize transferring or 
bonding techniques; these processes are low-throughput and impractical for large-area 
sensor skins due to the logistical issues, and alignment difficulties. 
3. Many solutions do not support the robustness, conformability, and stretchability needed 
for functional large-area sensor skins.  Despite efforts to make stretchable silicon devices, 
silicon-based solutions are often stretchable in only one direction and are ultimately more 
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fragile than their flexible substrate counterparts.  Ribbon configurations of thin-film 
silicon or interconnect designs have limited stretchability.  Many solutions which utilize 
flexible substrates are not stretchable and conformable, and current methods to increase 
stretchability through selective patterning are serial processes that are difficult to scale up. 
4. Several processes utilize direct processing on a flexible substrate.  While this technique 
eliminates several problems listed above, it also introduces several fabrication challenges.  
Traditional microfabrication equipment is typically most effective for silicon-based 
microelectronic processing, so the non-rigidity of flexible substrates limits the use of 
conventional microfabrication equipment.  Spin-coat polymers and metal layers on 
flexible substrates often have residual thermal stress, resulting in substrate curling and 
making substrates incompatible with microfabrication equipment.  Flexible substrates 
also have low glass transition temperatures, so high temperature microelectronic 
fabrication processes such as oxidation, chemical vapor deposition (CVD), and epitaxial 
growth cannot be used.  Thus, temperature constraints limit the materials which can be 
deposited on flexible devices, making active device fabrication a major challenge. 
 
This research utilizes the methodology of direct processing on flexible substrates; despite 
temperature limitations, the method is low-cost and compatible with roll-to-roll fabrication.  To 
overcome limitations of current methods, this research develops a novel fabrication approach 
which emphasizes low-cost materials and processing, large-area adaptability, heterogeneous 
integration of materials and sensors, and superior robustness, conformability, and stretchability.  
These goals are achieved through utilization of excimer laser photoablation as a patterning 
technique, which will be discussed in detail in the next few chapters. 
30 
 
CHAPTER 3 
NOVEL FABRICATION TECHNIQUES USING EXCIMER 
LASER PHOTOABLATION 
 
This chapter discusses innovative approaches which tackle fabrication challenges for 
large-area, stretchable sensor arrays.  The fabrication plan emphasizes heterogeneous integration 
of different materials and devices.  The fabrication processes must be versatile enough to support 
concurrent processing of many different types of sensors, interconnects, and devices.  To 
demonstrate a proof of concept, discrete devices and interconnects are fabricated on a small scale; 
however, since all fabrication processes in the toolset are batch processes, they can be scaled up 
to large-area fabrication using appropriate equipment.  With these goals in mind, novel processes 
are developed using photoablation with in-situ metal masking which reduces processing steps 
and photomasks.  These methods are first demonstrated for single- and multi-layer interconnects, 
and afterwards encompass sacrificial layer structures and back-side processing for MEMS 
structures. 1 
 
3.1. Substrate Material 
A flexible polymer substrate material serves as a base for sensors, interconnects, and 
active devices.  This substrate eliminates the silicon handle wafer; furthermore, substrate sizes 
are scalable to large areas so there are no size restrictions using this substrate material. 
Techniques such as roll-to-roll processing, compatible with rolls of flexible material which may 
be hundreds of feet long, enable batch processing in a reliable and cost-effective manner [65]. [66-69]  
                                                          
Sections of this chapter contain text and figures from work previously published in [66-69]. 
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Unfortunately, the polymer substrate dictates that all fabrication processes and materials be 
compatible with low-temperature processing.  Low-temperature processes such as evaporation 
and sputtering are compatible with these polymers; however, processes such as chemical vapor 
deposition and oxidation require temperatures in excess of the glass transition temperature of the 
polymer and therefore are not suitable.    
Experiments described in this dissertation used Kapton polyimide as the substrate 
material because it is the most widely used polymer in microelectronics.  Polyimide is available 
at a low cost, and is often used for electronic packaging and passivation because of its excellent 
mechanical, chemical, and thermal properties.  Polyimide is resistant to most solvents, and has a 
high glass transition temperature, which makes it compatible with many microfabrication 
processes [4].  In addition, polyimide ± like many other polymers materials ± can be easily 
patterned with excimer laser photoablation. 
 
3.2. Introduction to Photoablation 
Photoablation describes the removal of materials using high photon energies (i.e., short 
wavelengths, and not necessarily high intensities) and is very effective with polymers.  Usually, 
ultraviolet (UV) light strikes the polymer at moderate intensities such that a combination of 
photochemical and photothermal effects dissociate the long polymer chain into smaller, volatile 
molecules that are removed with a debris removal system (DRS).  Polymers are usually 
characterized by photoablation rate and threshold fluence, which is the lowest fluence (energy 
per unit area per pulse) at which a particular polymer can be reliably patterned.  The 
photoablation rate is a function of wavelength, pulse width, and fluence, and is precisely 
controlled by modulating these parameters [70-75]. 
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In addition to the successful removal of polymers such as polyimide, photoablation 
removes thin films of metals and dielectric materials.  The removal of these materials usually 
consists of a photothermal process, where absorption of short bursts of ultraviolet excimer 
energy results in localized heating of the thin-film material to its melting or vaporization 
temperatures.  For thin films, the interface between the film and substrate is also important, 
because sufficient heating of this interface may result in film delamination.  The fluence that is 
sufficient to remove the thin-film material from the substrate is known as the damage threshold 
of the material, and is usually higher than the photoablation threshold of polymers [70, 76-80].   
Light energy for photoablation is usually supplied by excimer lasers, which are powerful 
ultraviolet laser sources and have become the staple light source for microlithography in the past 
two decades.  Excimer lasers are usually excited by a combination of a rare gas and a halogen 
gas; popular excimer laser gases and frequencies are KrF (248 nm) and ArF (193 nm).  Unlike 
typical lasers, the excimer laser produces speckle-free, incoherent light, which is ideal for high-
resolution lithography and patterning [70, 72-75].  Because excimer lasers emit light efficiently 
in the UV spectrum, have a large beam size, and are readily available in microlithography, they 
are also ideally suited for photoablation.    
Projection photoablation is the most common photoablation method (Figure 3.1); in this 
process, the UV energy from an excimer laser light passes through a mask through a set of 
projection optics and focuses on the substrate via a projection lens.  When the focused optical 
patterns strike the substrate, the polymer absorbs the energy, which causes bond-breaking of long 
polymer chains.  These chains are volatile and eject from the substrate with the aid of the DRS.  
Thus, the pattern on the photo mask successfully transfers to the substrate during the ablation 
process [70]. 
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Figure 3.1. Projection photoablation process. UV light is first patterned by the mask and projection optics.  
Absorption of UV energy causes bond breaking of the polymer, fracturing the large polymer molecules, and ejecting 
the fragments from the substrate to complete the ablation process.  
 
Photoablation is cost-effective because high-resolution features are patterned without 
photosensitive media, developers, and etchants [65]; a resolution limit smaller than 5 Pm has 
been achieved [70].  Many commercial products are manufactured using excimer laser 
photoablation.  Inkjet nozzles (Figure 3.2a) are typically made of polymers and are often 
patterned using photoablation.  Polymers are also commonly used as dielectric layers for multi-
chip modules (MCMs), so photoablation effectively patterns these dielectric layers for the 
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fabrication of vias (Figure 3.2b) between two metal layers.  In research, photoablation has also 
been demonstrated for many MEMS structures, including mechanical gears (Figure 3.2c)  and 
microfluidic channels (Figure 3.2d) [81-85].   
 
 
Figure 3.2. Applications for excimer laser photoablation. (a) Inkjet nozzles. (b) Microelectronic vias. (c) MEMS 
structures. (d) Microfluidic channels.  Source: [81].  Reprinted with permission. 
 
3.3. Excimer Laser Photoablation with In-Situ Masking Concept 
The polymer substrate choice makes the proposed process compatible with photoablation; 
furthermore, the in-situ masking concept takes advantage of the differences between the ablation 
threshold of the polymer and the ablation damage threshold of thin-film metals.  The fabrication 
process is as follows (Figure 3.3):  For patterning of the polyimide substrate via photoablation, 
an in-situ metal mask is first defined on the substrate.  These metal features are patterned using 
conventional photolithography and microfabrication techniques (etching or lift-off).  The 
excimer laser then flood-exposes the entire sample to photoablation, and the metal patterns act as 
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a mask for pattern transfer to the polymer substrate.  If the applied fluence on the substrate is 
greater than the threshold fluence for polymer ablation, but lower than the threshold fluence for 
metal damage, the photoablation process will effectively pattern the polymer but leave the metal 
layer undamaged.  Thus, a high-thermally-conductive metal of sufficient thickness minimizes the 
metal damage; also, a polymer with low threshold fluence maximizes the process window.   
 
 
Figure 3.3.  Fabrication process flow showing photoablation and in-situ metal mask concept.  (a) Polymer substrate.  
(b) Metal patterns and structures on substrate.  (c) Flood photoablation selectively patterns the substrate. 
 
In this process, metal patterns serve a dual purpose; in addition to being in-situ masks for 
photoablation as described above, these metal layers are also functional electrical pathways for 
metal and interconnect structures.   The photoablation with in-situ masking concept uses existing 
metal features for pattern definition, so there are no additional photomasks needed for the 
photoablation process, and the photoablation system does not require an expensive projection 
optics assembly ± these benefits reduce costs and complexity.   An additional benefit of this 
process is the self-alignment between metal layers and the polymer structures beneath them; the 
flood ablation process and the in-situ masking of the polymer features ensure that these two 
layers are always in perfect alignment.  Photoablation characteristics are explored with the  
248 nm KrF excimer laser, and afterwards the photoablation with in-situ masking process is 
utilized for fabrication of various sensor and interconnect structures.  
 
(a) (b) (c)
Polymer Substrate in-situ Metal Mask
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3.4. Initial Experiments 
3.4.1. Experimental Setup 
A prototype system is set up for both projection and flood photoablation using a 248-nm 
KrF excimer laser (GSI Lumonics PM844) as shown in Figures 3.4 and 3.5; a similar system has 
been set up for a 308-nm XeCl excimer laser.  Initial experiments verify the ablation threshold 
and ablation rates of Kapton polyimide, as well as the ablation damage threshold for metal thin 
films.  The laser beam passes through an attenuator to reduce the intensity of the light output and 
then through two cylindrical convex lenses and one spherical convex lens to reshape the laser 
pulse.   Finally, there is an aperture, a dielectric mirror and a convex lens before the aperture and 
substrate holder.  The last lens converges the excimer laser light, so adjusting the distance 
between the square aperture and the substrate holder varies the area in which the laser light 
strikes the substrate while keeping the total energy constant, thereby changing the laser light 
fluence.  The fluence can also be modified by removing glass plates from the attenuator and 
changing the excitation voltage of the excimer laser.  A simple DRS is attached by attaching 
Teflon tubing to N2 cylinder and adjusting the nozzle and pressure for N2 blowing during the 
photoablation process. 
 
 
Figure 3.4. Schematic of photoablation experimental setup. 
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Figure 3.5. Picture of experimental setup for photoablation. 
 
 
3.4.2. Determination of Photoablation Characteristics 
Photoablation characteristics of 1 mil (25.4 Pm) thick Kapton E polyimide are 
determined by ablating a region of the substrate for a set number of pulses and measuring the 
depth of that region using the alpha stepper.  Figure 3.6 shows ablated depth per pulse as a 
function of fluence; as predicted by previous literature [71-75, 86], the measured ablation 
threshold for polyimide is less than 50mJ/cm2.  The ablated depth per pulse increases with 
fluence and reaches approximately 0.35Pm/pulse at a fluence of 400mJ/cm2.    
Additional experiments characterize the photoablation damage threshold for various 
thicknesses of aluminum.  Aluminum is first sputtered at various thicknesses on a Kapton E 
polyimide substrate.  Afterwards, the sample is subjected to increasing fluences for a fixed 
number of pulses and inspected for visual damage.  The ablation damage threshold is determined 
by the minimum fluence that causes damage to the thin-film aluminum.  Results are shown in 
Figure 3.7.  As predicted, the damage threshold increases with deposited thickness, indicating 
that depositing thicker amounts of aluminum will be beneficial for increasing the processing 
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window.  However, if the sputtered aluminum is too thick, there will be severe undercutting from 
the wet-etch process, and cracking and poor adhesion qualities due to thermal stress.  
 
 
Figure 3.6. Fluence vs. ablation depth per pulse for polyimide substrate. 
 
 
 
Figure 3.7. Chart describing the influence of aluminum thickness on ablation damage threshold.  
 
3.4.3. Photoablation with In-Situ Masking for Pattern Definition 
The experiments described in the previous section establish ablation rates and thresholds.  
As demonstrated, there is a process window where the laser fluence is greater than the threshold 
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fluence of certain polymers but below the damage threshold for sufficient thicknesses of metal 
thin films.  The photoablation with in-situ masking method exploits this process window such 
that metal thin films can be used as photomasks for the ablation of polymers.  This section 
explores wet-etch and lift-off processes for patterning definition using photoablation with in-situ 
masking.  
For lift-off, gold is patterned as an in-situ mask on the polymer substrate, which is later 
removed with photoablation (Figure 3.8).  Kapton E polyimide substrate of 1 mil thickness is 
used as the starting material.  Two-micron thick photoresist is spin-coated and patterned using a 
365 nm (i-line) contact lithography system.  After developing the photoresist, 0.05 Pm titanium 
and 0.3 Pm gold are deposited using evaporation.  Titanium is deposited as a stick layer to 
increase adhesion of metal to the substrate.  After deposition, the substrate is placed in acetone 
for a few hours to complete the lift-off process.  The subsequent metal pattern is ablated at 50 
mJ/cm2 to 100mJ/cm2 for a few hundred pulses until the entire substrate is removed.  After 
removing the debris with the oxygen plasma asher, the sample is placed in a scanning electron 
microscope (SEM) for observation. 
 
 
Figure 3.8. Fabrication process flow showing photoablation with in-situ masking process using lift-off. (a) 
Polyimide substrate. (b) Photoresist deposition and patterning. (c) Metal deposition. (d) Lift-off process. (e) 
Photoablation. 
(b) (c)
in-situ Metal Mask
(a)
(d) (e)
Polymer Substrate
Photoresist
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Figure 3.9.  SEM micrographs of photoablation with gold in-situ mask patterned using lift-off. 
 
 
Figure 3.10.  Fabrication defects observed in in-situ masking process with photoablation.  (Left) Conical defects.  
(Right) Metal is poorly defined using the lift-off process. 
 
SEM shows that the titanium/gold thin-film metal acts is an effective photoablation mask 
(Figure 3.9).  The excimer laser successfully ablates the polyimide substrate without damage to 
the metal thin film if the correct fluence is used.  However, Figure 3.10 shows that the metal 
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layer will be damaged during ablation if the fluence is too high, and conical defects form if the 
fluence is too low.  Conical defects arise from non-uniformities in the polymer material; these 
non-uniformities make selective regions more difficult to ablate.  Conical defects also form 
because ablated polymers are initially vaporized, but afterwards re-deposited on the substrate 
before the debris removal system displaces the molecules from the ablation region.  Since this 
debris is difficult to ablate, it effectively acts as a mask for further ablation, resulting in conically 
shaped  structures [87].  While a more effective debris removal system as well as higher fluences 
will mitigate this problem; it is impossible to obtain a sample that is entirely free of conical 
defects.  The effects of conical defects will be explored in detail in Chapter 7.  
There are additional challenges with the lift-off process for metal patterning.  S1818 is a 
positive resist, so its resist profile is not ideal for lift-off.  The lift-off process is difficult with 
thick metal, but a thick gold layer needs to be deposited to be an effective in-situ mask for 
ablation.  Lift-off problems can be identified in SEM micrographs in Figure 3.10; the edges of 
the metal pattern have poor adhesion with the metal substrate.  It is possible to improve lift-off 
characteristics by changing the photoresist profile by using negative resist, a chlorobenzene soak, 
or an additional lift-off resist (LOR) layer [55, 88]; however, these processes increase fabrication 
complexity.   
Due to the complications of the lift-off process, the in-situ masking process using 
aluminum and wet-etching for pattern definition is studied as an alternative method.  The 
fabrication process is as follows (Figure 3.11): The substrate is prepared for aluminum sputtering 
using a similar approach as the lift-off experiments.  Aluminum is placed in the sputterer and 
deposited at a rate of approximately 380 Å/min.  S1818 photoresist is spin-coated for a thickness 
of 2 Pm and patterned using the same method as in the lift-off experiments.  The substrate is 
42 
 
placed in an aluminum etchant until the patterns are fully etched.  The subsequent metal pattern 
is ablated for several hundred pulses at varying fluences.  After cleaning the debris with the 
oxygen plasma asher, the sample is placed in a SEM for observation (Figure 3.12). 
 
 
Figure 3.11. Photoablation with in-situ masking process using wet-etching. (a) Polyimide substrate.  (b) Deposition 
of metal. (c) Photoresist deposition and patterning. (d) Metal etching. (e) Photoablation. 
 
 
 
Figure 3.12. SEM micrographs of photoablation with aluminum in-situ mask patterned using wet-etching. 
 
(b) (c)
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SEM results indicate that aluminum is a successful in-situ metal mask.  The sputtering of 
aluminum results in a metal layer that is less uniform than that produced by the evaporation of 
gold; however, the deposited metal is relatively thick, so this does not affect the electrical 
functionality of the fabricated device.  Also, wet etching yields better pattern fidelity than lift-off; 
although there are rounded features, undercutting from the wet-etch process, and line-edge 
roughness associated with non-uniformities of sputter deposition, there is no indication of poor 
adhesion or incomplete lift-off.    
 
3.4.4. Thermal Barrier 
It is theorized that the glass transition temperature of the polymer substrate plays a role in 
the photoablation damage threshold of a thin-film material because this interface may heat up 
substantially during the ablation process.  If the temperature at the interface exceeds the glass 
transition temperature of the polymer material, the metal may delaminate and thus become 
damaged.  A thermal barrier, placed between the conductive metal layer and the polymer layer, 
will reduce temperatures at the polymer/thin-film interface and increase the damage threshold of 
the in-situ mask.  Thermal barriers such as silicon dioxide are effective in isolating the polymer-
inorganic thin-film interface from high temperatures experienced during photoablation and thus 
improve the viability of the in-situ mask [87].  
For initial thermal barrier experiments, approximately 300 nm of silicon dioxide is first 
deposited using room temperature sputtering on the polyimide substrate.  After thermal barrier 
deposition, the fabrication and photoablation processes then proceed as before with metal 
deposition and photoablation. As shown in Figure 3.13, the deposition of a silicon dioxide 
thermal barrier increases the damage threshold significantly for different thicknesses of 
aluminum (to above 400 mJ/cm2 if the aluminum thickness is 1.2 Pm).  These experiments 
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confirm that metal-dielectric interconnect structures increase the process window where metal 
patterns are effective in-situ masks and for the photoablation patterning process.  
 
Figure 3.13. Ablation threshold for various thicknesses of aluminum and aluminum on 0.35 Pm silicon dioxide.  
Silicon dioxide acts as a thermal barrier to increase the metal damage threshold. 
 
Knowing that silicon dioxide is an effective thermal barrier, a process is developed to 
incorporate the thermal barrier into the photoablation with in-situ masking process (Figure 3.14).  
A convenient benefit is that the patterning of the thermal barrier does not require an additional 
patterning processes.  Since silicon dioxide has a low absorption constant and is transparent to 
ultraviolet wavelengths, the majority of the photon energy will pass through the thin film of 
silicon dioxide.  Thus, the photon energy will be absorbed by the polymer beneath the thermal 
barrier, and photoablation will proceed as usual.  The explosive ejection of the polymer material 
during the ablation process also removes the brittle silicon dioxide thermal barrier material, such 
that the polymer and silicon dioxide layers are both patterned by the photoablation with in-situ 
masking process simultaneously.  Experimental results for patterning with thermal barrier are 
shown in Figure 3.15. 
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Figure 3.14.  Fabrication process flow for photoablation with in-situ masking process using silicon dioxide thermal 
barrier.  (a) Polyimide substrate.  (b) Silicon dioxide thermal barrier deposition. (c) Metal deposition and patterning. 
(d) Photoablation selectively removes silicon dioxide thermal barrier and polyimide substrate. 
 
 
 
Figure 3.15.  Silicon dioxide is used as an effective thermal barrier for photoablation. (a) SEM close-up revealing 
aluminum, silicon dioxide, and polymer layers. (b) Results after 40 mJ/cm2 ablation fluence reveal jagged features 
and poor pattern fidelity. (c) Results after 60 mJ/cm2 ablation fluence.  (d) Results after 80 mJ/cm2 ablation fluence. 
(e) Results after 100 mJ/cm2 ablation fluence. 
(b) (c)
in-situ Metal Mask
(a)
(d)
Polymer Substrate
SiO2 Thermal Barrier
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Experimental results with various photoablation fluences confirm this phenomenon; 
furthermore, SEM pictures show that it is more difficult to remove the silicon dioxide barrier at 
ORZIOXHQFHVDVWKHHGJHSDWWHUQVEHFRPHPRUH³MDJJHG´DQGSDWWHUQILGHOLW\GHFUHDVHV)LJXUH
3.15).  In a separate experiment, silicon dioxide thickness is varied to confirm that it is more 
difficult to remove larger thicknesses of silicon dioxide.  Therefore, photoablation fluence and 
silicon dioxide thickness must be optimized such that the thin film behaves as an effective 
thermal barrier without severely affecting pattern fidelity. 
These initial experiments characterize photoablation fluences and rates on a polyimide 
substrate.  A wet-etch patterning process with aluminum and lift-off process with titanium/gold 
have been developed; these processes are selected because they are inexpensive and more 
reproducible.  A technique for improving the process window using a thermal barrier has also 
been successfully tested.  Knowledge from these experiments will be used for the patterning of 
interconnects and sensor structures in the following sections.   
 
3.5. Multilayer Photoablation with In-Situ Masking for Interconnects 
The in-situ metal mask is adapted for multiple layers of metal, since fabrication of 
interconnects often requires multiple metal layers to separate row and column electrodes.  The 
fabrication process is as follows (Figure 3.16):  First, aluminum is sputtered for a deposited 
thickness of approximately 1 Pm.  As before, 2 Pm thick S1818 photoresist is then deposited and 
patterned, and aluminum is wet-etched.  After aluminum patterning, a spin-on polymer layer is 
deposited.  Spin-on polymers such as SU-8 (a negative cross-linking polymer resist [89]), 
HD8820 (positive-tone photodefinable polyimide [90]), PI-2611 (non-photodefinable polyimide 
with a low coefficient of thermal expansion [91]) are used as dielectric layers.  The SU-8 has a 
47 
 
thickness of 10 Pm, while the HD8820 and PI-2611 have deposited thicknesses of approximately 
5 Pm.  After curing the spin-on polymer, a second layer of aluminum is sputtered for a thickness 
of approximately 1 Pm, and patterned using the same recipe as the first layer of aluminum.  
Finally, ablation of the samples for several hundred pulses using various fluences completes the 
fabrication process, and the results are observed using the SEM.   
 
 
Figure 3.16.  Fabrication process flow showing photoablation with two layers of in-situ masks.  (a) Polymer 
substrate. (b) Metal deposition. (c) Photoresist deposition and patterning. (d) Metal etching.  (e) Photoresist removal. 
(f) Spin-on polymer deposition. (g) Metal 2 deposition. (h) Photoresist deposition and patterning. (i) Metal etching. 
(j) Photoresist removal. (k) Photoablation. 
 
SEM results (Figure 3.17) show that the metal layers are effective in-situ masks for the 
polymer photoablation.  After photoablation, the polymers beneath the metal 1 and metal 2 
masks are not ablated, and both metal layers show no damage from photoablation.  Furthermore, 
(b) (c)
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the spin-on polymer between the metal layers is effectively removed in regions that are not 
beneath the metal 2 layer.  In areas without metal patterns, both the spin-on polymer and the 
polymer substrate are effectively removed.  Perpendicular alignment of metal 1 and metal 2 
layers demonstrates the feasibility of this fabrication process for interconnect meshes. 
 
 
Figure 3.17.  Scanning electron micrographs showing photoablation and two layers of aluminum in-situ masks. 
 
3.6. Photoablation with In-Situ Masking and Sacrificial Material for MEMS 
Structures 
 
This section describes fabrication techniques for capacitive MEMS structures using in-
situ metal masking and photoablation.  MEMS sensors utilize structures such as beams, 
cantilevers, diaphragms, and channels for mechanical movement and transduction.  These 
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structures are realized through a sacrificial layer material ± such as photoresist or uncured 
polymer precursors ± which is later removed to form a free-standing structure.  The fabrication 
method is as follows (Figure 3.18):  The Metal 1 layer deposition and patterning process follows 
the same method as in previous experiments.  Afterwards, fabrication proceeds with deposition 
and patterning of the sacrificial photoresist layer, and the deposition of a spin-coated polymer 
layer on top of the photoresist.  Next, a second metal layer is deposited and patterned on the spin-
coated polymer.  The polymer material is then ablated - the patterned metal layers will act as an 
in-situ PDVNIRUSKRWRDEODWLRQ7KHSKRWRDEODWLRQSURFHVVRSHQVXS³YLDV´WRWKHVDFULILFLDOOD\HU
so the sacrificial material can be removed with solvents, forming a freestanding MEMS structure 
that can be used for a sensor or actuator.  The premise is that the sacrificial material is easily 
removed with a solvent but the structural spin-on polymer layer is not damaged with the same 
solvent.  
Successful fabrication of MEMS structures requires selection of an acceptable sacrificial 
material, structural material, and solvent.  Several sacrificial materials have been investigated, 
including AZ4620 and HD8820.  AZ4620 is a positive-tone thick film, and can be spin-coated at 
thicknesses of around 10 Pm [92].   HD8820 is a spin-on polyimide which can be spin-coated at 
thicknesses of around 5 Pm [90].  Incidentally, HD8820 can also be a permanent polymer 
material but its curing temperature is relatively high (350 qC); thus it is not cured under typical 
photolithography processing conditions and can be removed using conventional solvents.  
Experimentally, HD8820 is more compatible with the fabrication processes proposed above 
because of its superior ease of removal as compared to AZ4620, which is difficult to remove 
after subsequent moderate-temperature bake processes required in the process recipe.  SU-8, an 
epoxy-based, negative-tone, crosslinking polymer is selected as the structural spin-on material 
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because it has low temperature process conditions and can be cured with the assistance of UV 
energy.  Lastly, there are several candidate solvents for effective sacrificial layer removal, 
including acetone and Remover PG, which is a proprietary solvent manufactured by Microchem 
Corporation [93].   
 
 
Figure 3.18.  Fabrication process flow for MEMS structures using photoablation with in-situ masking. (a) Polymer 
substrate. (b) Metal 1 deposition. (c) Photoresist deposition and patterning. (d) Metal 1 etching. (e) Photoresist 
removal. (f) Sacrificial photoresist deposition and patterning. (g) Spin-on polymer deposition. (h) Metal 2 deposition.  
(i) Photoresist deposition and patterning. (j) Metal 2 etching. (k) Photoresist removal. (l) Photoablation. (m) 
Sacrificial photoresist removal.  
(b) (c)
in-situ Metal Mask
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SEM micrographs (Figure 3.19) show successful fabrication of MEMS beam and 
cantilever structures using the above process.  The region of the sacrificial material has been 
removed by solvents, forming an air gap that is displayed in the SEM.  Furthermore, both layers 
are visible and appear undamaged in the ablation process, as in previous experiments.  In some 
cases, there is residual debris, which may be removed through a longer solvent soak or an 
additional oxygen plasma ash process.   
 
 
 
Figure 3.19. Various MEMS structures fabricated using in-situ masking and sacrificial polymer. 
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3.7. Back-Side and Front-Side Photoablation   
 Certain MEMS structures require the substrate to be patterned from the back side.  For 
example, a capacitive-based condenser microphone has a thin membrane structure formed by 
selective removal of the substrate material.  Traditional silicon micro-fabrication processes use 
reactive ion etching (RIE) for back-side patterning, using a process typically referred to as bulk 
micromachining.  Afterwards, fabrication proceeds as usual as front-side patterns are aligned to 
the back-side features [15-18].   Using a similar technique, the back side of the substrate is first 
patterned using projection excimer laser photoablation.  Fabrication continues with the standard 
in-situ masking process as described previously, aligning the metal features of the front-side 
patterns with the back-side features.  The back-side patterning via projection photoablation 
process can be integrated with single layer and multilayer front-side structures, as depicted in 
Figure 3.20.  
 
 
Figure 3.20.  MEMS structures with back-side photoablation patterning. (a) Single-layer structure.  (b) Double-layer 
structure. (c) Double-layer structure with air gap. 
 
The one-layer fabrication process begins with the back-side ablation process, which 
removes the majority of the substrate forming a thin membrane.  The back side of the substrate is 
selectively patterned using a projection photoablation system to form rectangular structures.  In 
the projection photoablation system, excimer laser light is first focused on a photo mask, then 
transferred through a set of projection optics, and refocused on the substrate, thus selectively 
patterning the substrate.  The amount of polymer removed (ablation depth) can be precisely 
(a) (b) (c)
air gap
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controlled by the number of pulses and the fluence of the excimer laser.   Metal deposition and 
patterning steps on the front side follow the back-side photoablation process, and front-side 
metal patterns are aligned with the patterns on the back.  The final step in the process is the 
photoablation with in-situ masking process, which uses the patterned metal layer as an in-situ 
mask to selectively pattern the polymer substrate from the top side.    
The two-layer structure follows a similar process.  First, the polymer substrate is 
patterned via projection photoablation from the back side.  Next, the first metal layer is deposited 
and patterned on the front side, aligning the features with the back side.  A spin-on polymer 
dielectric is coated on top of the first metal layer.  A second metal layer is then deposited and 
patterned on the front side.  Lastly, the photoablation process uses both metal layers as an in-situ 
mask, and patterns the polymer substrate from the front side.  As before, this process can also be 
used with a sacrificial polymer layer for the fabrication of air gaps which are important for 
MEMS structures.  The fabrication process is similar to the processes described above, with the 
exception of the patterning of the sacrificial polymer layer, which happens after the deposition of 
the first metal layer.  In addition, the final process of this fabrication sequence requires the 
removal of the sacrificial polymer material using organic solvents such as acetone.  The 
fabrication sequences integrating the back-side photoablation process with single-layer, multi-
layer, and sacrificial materials are detailed in Figure 3.21.  
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Figure 3.21.  Fabrication process flow of back-side photoablation integrated with front-side photoablation with in-
situ masking process.  (Left) One metal layer process.  (Center) Two metal layer process. (Right) Two metal layer 
process with sacrificial layer.  
(a) Polyimide substrate
(b) Backside photoablation
(c) Metal 1 deposition and patterning
(d) Sacrificial polymer deposition and patterning
(e) Spin-on polymer deposition
(f) Metal 2 deposition and patterning
(g) Frontside photoablation
(h) Sacrificial polymer removal
One-Layer Process Two-Layer Process
Two-Layer with 
Sacrificial Polymer 
Process
air gap
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To demonstrate this process, one-layer structures are fabricated.  Metal lines patterned 
from the front side and aligned to the rectangular structures and the photoablation with in-situ 
masking process is performed from the front side creating unique structures.  Regions that are 
³WKLQQHG´IURPWKHEDFNVLGHDre removed entirely after front-side ablation, creating a hole 
through the substrate.  Regions that are not previously patterned from the back side are later 
³thinned´IURPWKH front side; however, the number of pulses in the photoablation process is 
controlled such that the substrate is not completely removed.  Thus, SEM micrographs (Figures 
3.22 and 3.23) clearly show differences between areas that are patterned with both back-side and 
front-side photoablation and those areas that are only patterned using front-side photoablation. 
 
 
Figure 3.22.  Back-side photoablation with one-layer metal.  (a) Polyimide substrate.  (b) Back-side photoablation.  
(c) Metal1 deposition and patterning.  (d) Front-side photoablation process.  After the sample is partially ablated 
from the front side, it is examined using the SEM.  
(a) (b) (c)
(d)
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Figure 3.23.  Scanning electron micrographs of MEMS structures created by back-side photoablation with one-layer 
in-situ masking process. 
 
 
Similar results are demonstrated for multiple metal layers.  In these experiments, a thin 
film of silicon dioxide was used as a thermal barrier to improve the process window.  SEM 
micrographs (Figure 3.24) show that MEMS structures are fabricated successfully, with cross-
sectional views highlighting the thinned regions of the polymer which were initially patterned 
from the back side, and multiple layers of metal which are patterned from the front side.  
Furthermore, SEM reveals selective removal of sacrificial material for MEMS structures similar 
to those in previous fabrication processes.  Demonstration of these techniques for condenser 
microphone fabrication is described in Chapter 5.  
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Figure 3.24.  SEM demonstrating back-side photoablation with multi-layer photoablation with in-situ masking. 
 
 
3.8. Summary 
These experiments establish a platform for photoablation experiments, and demonstrate 
the feasibility for single-layer and multiple layer photoablation with in-situ masking processes 
for large-area sensor arrays.  In addition, a fabrication process with sacrificial polymer material 
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has been established for MEMS beam, diaphragm and cantilever structures.  Finally, in-situ 
masking processes combined with back-side patterning processes increase fabrication flexibility 
for additional MEMS structures. 
There are several key advantages to the proposed photoablation with in-situ masking 
processes.  The fabrication process improves efficiency by eliminating at least one mask step, 
since the patterned metal layers also act as photoablation masks for polymer patterning.  This 
method reduces processing complexity through direct patterning using photoablation, which 
minimizes use of photoresist chemicals and etchants.  In addition, the in-situ masking process is 
self-aligned, such that there is no misalignment between metal layers and the polymers beneath 
them.  Furthermore, these processes offer design versatility since the process is compatible with 
a wide range of polymer and thin-film materials, in-situ metal patterns are lithographically 
defined, and the process is compatible with a wide variety of MEMS designs and structures.  
Lastly, all steps in the photoablation with in-situ masking process are batch processes that can be 
scaled up to low-cost, large-area manufacturing, which is the goal of the project. 
As mentioned, these fabrication processes support a wide variety of MEMS interconnect 
and sensor structures, delivering unique advantages that will be suitable large-area sensor arrays.  
After establishing the toolbox of unique fabrication processes for large-area sensor meshes, the 
remainder of the dissertation focuses on design, modeling, fabrication, and testing of sensors, 
interconnects, and active devices.  
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CHAPTER 4 
DEVICES: INTERCONNECTS 
 
Interconnects are essential for data routing in smart skin sensor array applications and 
must provide electrical connectivity between adjacent sensor nodes.  In addition, interconnects 
must also be mechanically robust, yet stretchable and conformable for structural support of the 
sensor mesh.  This chapter describes using the photoablation with in-situ masking technique for 
stretchable interconnect meshes.  The overall goal will be to develop, model, and test various 
interconnect designs and evaluate feasibility for smart skin sensor mesh applications. 2 
 
4.1. Background 
There are several existing approaches to stretchable interconnect design and fabrication. 
Stretchable interconnects can be fabricated by deep reactive ion etching (DRIE) of silicon for the 
fabrication of stretchable, spring-like, silicon structures [5].  Stretchable interconnects can also 
be realized by depositing and patterning thin-film metals on pre-stretched elastomers such as 
PDMS; after release of the elastomer substrate, the metal will form surface-wave patterns and 
will be superior in stretchability to ordinary interconnects on flexible substrates [60, 61].  Other 
researchers demonstrate a similar approach by fabricating meandering metal interconnects on 
elastomers such as PDMS [94, 95].  Research into fabricating microfluidic channels on 
stretchable substrates and filling these channels with liquid alloy conducting materials is another 
                                                          
Sections of this chapter contain text and figures from work previously published in [66-68]. 
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approach for stretchable interconnects [96].  Current methods often have a low yield, low 
throughput, and a complicated fabrication process that limits their viability. 
Interconnect meshes typically have two metal layers which are perpendicularly aligned 
for row and column lines. Nodes are formed at the intersection of the two interconnect layers, 
and each node can be probed by addressing a unique row and column pair.  Each node contains 
active devices and sensors for sensor skin and stretchable electronics applications, as illustrated 
in Figure 4.1.    Interconnects should have high electrical conductivity for low resistance to 
maximum throughput; therefore, aluminum is used as the interconnect material.  Commercial 
industries often use other high-conductivity metals (such as copper) for interconnects; these 
materials should also be compatible with the proposed process.   
 
Figure 4.1.  Interconnect design concept. 
 
The metal layers of the interconnect mesh are deposited and patterned on a polymer 
substrate and separated by a polymer dielectric layer.  While the polymer substrate provides 
structural rigidity, it limits the stretchability of the interconnect mesh. Therefore, areas of the 
Metal 2 Interconnect
Metal 1 Interconnect
Sensor
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substrate that are not beneath the interconnects are strategically patterned and removed by 
excimer laser photoablation using the metal patterns as in-situ PDVNV³0HDQGHULQJ´ 
interconnect structures are patterned to maximize stretchability without increasing fabrication 
complexity [97]; redundant interconnect designs, which will be discussed in detail in Chapter 7, 
may also be patterned to maximize robustness without sacrificing the stretchability of the 
substrate.    
 
4.2. Modeling  
 Interconnect modeling through finite element analysis (FEA) is a powerful tool for 
optimization and design of stretchable interconnect meshes.  CAD software is used to generate 
three-dimensional models of interconnect structures (Figure 4.2); structures are then analyzed 
using ANSYS finite element analysis software to determine maximum stretchability.  The 
maximum uniaxial stretchability ('L/L0) is determined by applying a uniaxial displacement to 
the model and determining the displacement which generates a stress larger than the maximum 
yield stress (340MPa for Kapton E Polyimide [98]) of the material.  Biaxial stretchability ('A/A0) 
is determined by stretching the structure in both directions and determining the change in area 
which generates a stress larger than the yield stress of the material.   FEA simulations also 
examine interconnect and sensor deformation during stretching and how this affects resolution 
and sensor readout. 
According to FEA simulations, the rectilinear interconnect has a uniaxial stretchability of 
7 percent, while meandering interconnects have a stretchability of up to 39 percent.  FEA 
analysis also models the biaxial stretchability of interconnects, and certain meandering 
interconnect designs are predicted to have a biaxial stretchability of approximately 100 percent 
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in area.  FEA analysis indicates that interconnects with sharp corners or bends of small radii have 
the largest stress.  Thus, interconnect structures having curvatures with larger radii tend to have 
higher stretchability.  The FEA model does not account for the cracking of thin films or the 
metal-polymer interface, or for defects in the patterning processes; thus, the FEA model will be 
used as a baseline for physical testing and comparison of single-layer and double layer 
interconnects.  A representative figure showing redundant interconnect design simulation is 
depicted in Figure 4.3.  Results are detailed in Appendix A, and summarized in Figure 4.4. 
 
 
Figure 4.2. Three-dimensional models of interconnect designs for FEA analysis. 
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Figure 4.3.  Summary of FEA stress analysis for interconnect Design #8.  Contact pads are excluded from this 
model to reduce the number of mesh elements in the simulation. 
 
 
Figure 4.4.  Summary of maximum uniaxial stretchability of several interconnect designs.  
 
4.3. Fabrication 
Using FEA results, several designs are selected and interconnects are fabricated using 
photoablation with in-situ metal masking process described in Chapter 3; these interconnect 
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patterns have line widths of 10 Pm, 20 Pm, and 40 Pm.  First, one layer of interconnects 
containing aluminum conductive paths and a polymer substrate is fabricated, as illustrated in 
Figure 4.5a.  Single-layer interconnects are fabricated by first depositing and patterning an 
aluminum thin-film on a polyimide substrate via the wet-etch process; the metal patterns become 
the functional electrical layer of the interconnect as well as the in-situ mask for selective 
patterning of the polymer substrate.  The photoablation process then uses this in-situ mask to 
selectively remove regions of the substrate with an excimer laser fluence of 50 mJ/cm2 to  
100 mJ/cm2 for approximately 500 pulses, improving stretchability and conformability without 
undermining structural integrity.  The sample is then cleaned briefly using oxygen plasma to 
remove residual ablation debris from the sample surface. 
Interconnects containing two layers of aluminum electrodes and a spin-on dielectric in 
between the metal layers are fabricated in a similar manner, as illustrated in Figure 4.5b.  After 
the patterning of the first metal layer, a spin-on polymer such as HD Microsystems PI-2611 spin-
on polyimide, or Microchem SU-8 crosslinking polymer, is deposited and cured.  A second metal 
layer of similar thickness is deposited and patterned on top of the spin-on polyimide.  Lastly, the 
polymers are patterned via photoablation as in the single-layer interconnect process.  In this case, 
both metal layers act as in-situ masks for the patterning of the polyimide substrate and the spin-
on polyimide.  This concept can also be extended to three or more layers of metal interconnect 
lines by alternating between metal layers and spin-on polyimide layers, and using photoablation 
to pattern the polymer substrate.   
As mentioned in Chapter 3, thermal barriers isolate the polymer and thin-film interface 
from high temperatures experienced during photoablation and increase the damage threshold of 
the metal layers.  Thus, to improve interconnect viability, thermal barriers may be introduced 
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before metal deposition and patterning steps for single and multi-layer interconnects, as 
illustrated in Figures 4.5c and 4.5d.  The thermal barrier improves process windows for 
interconnect fabrication, allowing higher fluences to be used to minimize conical defect 
formation. 
 
Figure 4.5. Fabrication process flow for interconnects.  (a) Single-layer interconnect: (i) polymer substrate, (ii) 
metal 1 deposition and patterning, (iii) photoablation. (b) Single-layer interconnect with thermal barrier: (i) polymer 
substrate, (ii) thermal barrier deposition, (iii) metal 1 deposition and patterning, (iv) photoablation. (c) Mutli-layer 
interconnect: (i) polymer substrate, (ii) metal 1 deposition and patterning, (iii) spin-on polymer deposition (iv) metal 
2 deposition and patterning, (v) photoablation. (d) Multi-layer interconnect with thermal barrier: (i) polymer 
substrate, (ii) thermal barrier deposition, (iii) metal 1 deposition and patterning, (iv) spin-on polymer deposition, (v) 
thermal barrier deposition, (vi) metal 2 deposition and patterning, (vii) photoablation. 
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4.4. Results and Testing 
Single-layer interconnects, double layer interconnects, and redundant interconnect 
meshes, are examined using a scanning electron microscope for defects (Figure 4.6).  Scanning 
electron micrographs show that fabricated interconnects closely match the predicted models, 
with a few exceptions.  The SEM images reveal that sidewalls are sloped at approximately 20 
degrees from the vertical; previous literature suggests that the sidewalls are more sloped at low 
fluences than at higher fluences [86].  Sloped sidewalls should not significantly limit the 
stretchability of the substrates.  As evidenced in previous experiments, SEM results also reveal 
conical defects in the fabricated structures [87].  Although a few conical defects will not impact 
the interconnect mesh significantly, the presence of too many conical defects may limit the 
stretchability and functionality of interconnects, so a more effective debris removal system as 
well as higher fluences will reduce conical defects.   Effects of conical defects on interconnect 
and sensor structures are analyzed in detail in Chapter 7. 
The SEM is used to examine interconnects for structural damage after being stretched.  
While some structures retain their mechanical rigidity, they appear to be electrically non-
conductive.  SEM micrographs show that there is cracking of the aluminum thin-film when it is 
placed under mechanical strain.  This phenomenon is consistent with previously reported 
research on stretchable interconnects [61]. As strain is applied to the interconnects, small cracks 
appear on the edges of the thin-film substrate as shown in Figure 4.7a, but the interconnect 
remains electrically and structurally functional.  However, as the strain becomes more severe, the 
cracks propagate laterally across the interconnect width (Figure 4.7b), resulting in electrical 
failure (Figure 4.7c).  Because metal has a lower maximum strain than polyimide, the metal 
interconnects will typically crack before mechanical failure of the interconnect.  Also, the metal 
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cracking may contribute to non-linear increases of electrical resistance when the interconnect is 
strained.  The use of ductile thin-film metals such as gold may reduce cracking and improve 
interconnect characteristics.  Furthermore, since many cracks appear at the contact-pad to 
interconnect interface (Figure 4.7d), the interconnect structures can be redesigned using finite 
element analysis as a guide with the goal of reducing stresses to improve results.  
 
Figure 4.6. Scanning electron micrographs of double-layer interconnects.  (a) Rectilinear interconnect design with 
20 Pm line-width. (b) Meandering interconnect design with 10 Pm line-width.   (c) Close-up of meandering 
interconnect design with 10 Pm line-width. (d) Meandering interconnect design with 20 Pm line-width.  Conical 
defects are identified by circles.  (e) Meandering interconnect designs with 20 Pm line-width. (f) Meandering 
interconnect design with 20 Pm line-width.  (g, h, i) Redundant interconnect designs with 40 Pm line-width.  
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Figure 4.7. Metal cracks in an aluminum interconnect structure.  Propagation of crack through stretched 
interconnect (a, b) results in complete electrical failure (c).  (d) Example of crack formation at the interconnect-to-
contact pad junctions. 
 
For stretchability testing, individual samples of different single-layer, double-layer, and 
redundant interconnect structures are mounted using conductive epoxy, secured to a platform, 
and attached to a micrometer stage for precise movement.  The micrometer stage is moved in  
50 Pm increments, and interconnects are monitored with an optical camera for structural damage 
and with an ohmmeter for changes in electrical resistivity.  The experimental setup is shown in 
Figure 4.8.  Normalized resistivity is charted as a function of uniaxial stretching.  The resistivity 
of the rectilinear interconnect increases linearly and the structure is no longer electrically 
conductive at 7% stretchability, while one meandering interconnect  sample retains good 
electrical performance (change in resistivity of 5%) even when stretched by more than 50% 
uniaxially.  Redundant interconnect designs retain good electrical performance when stretched 
up to 30% uniaxially. Resistances are on the order of 10 :, and are dependent on the geometry 
of the design; therefore, resistances are normalized to compare several different interconnect 
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designs (Figure 4.9).  Redundant structures have a different characteristic curve than non-
redundant structures because one of the two redundant paths between adjacent nodes may fail 
first, thus increasing the normalized resistance but retaining electrical functionality.  
 
Figure 4.8. Experimental setup for stretchability testing.  
 
Figure 4.9. Comparison between electrical resistivity of rectilinear, meandering, and redundant interconnects.  
Rectilinear interconnects fail at 7% ('L/L), while the redundant interconnect remains functional up to 30% ('L/L), 
and one meandering interconnect design survives at 50% ('L/L). 
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The uniaxial stretchability of single-layer and multi-layer interconnects is compared to 
the FEA models discussed above.  In general, single-layer interconnects have a slightly higher 
maximum stretchability than multi-layer interconnects because single-layer interconnects have a 
greater degree of freedom of movement, which lowers the overall stress on the interconnect 
structure.  The interconnects stretch in a fashion that is closely predicted by that of FEA models, 
indicating that the actual stress of the interconnect corresponds closely to the predicted stress by 
the FEA models (Figure 4.10).  The metal thin-film is observed to crack or delaminate from the 
polymer substrate at the regions of highest stress, near sharp corners and curves as predicted  by 
the FEA models.  This suggests that the FEA models can be used to predict and prevent electrical 
failures in stretchable interconnect designs in future work. 
There are a few discrepancies between experimental observations and theoretical 
predictions.  Interconnects with 20 Pm line-width exceed the predicted stretchability of FEA for 
both single-layer and double-layer interconnects.  For example, Design 2 has a maximum 
theoretical stretchability of 39% and a maximum experimentally observed stretchability of 51%.  
Interconnects may remain electrically functional even after partial cracking of the polymer 
structure, thus causing this discrepancy.  Lastly, the 10 Pm line-width double-layer interconnect 
(Design 3) did not fare well in the stretchability tests because the presence of too many conical 
defects limited the stretchability of the interconnects; if the interconnect mesh density is too high, 
conical defects will fuse adjacent interconnects together and create a structure that is not as 
stretchable as the simulated FEA models.  These results are summarized in Figure 4.11.   
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Figure 4.10. Comparison between fabricated two-layer interconnects and FEA models. (a) Scanning electron 
micrograph of unstretched interconnect. (b) 3D model of unstretched interconnect. (c) SEM of stretched 
interconnect. (d) FEA stretched analysis of stretched interconnect (Pa). 
 
Figure 4.11. Theoretical vs. experimental stretchability of interconnect designs.  Chart compares FEA simulations 
of 1-layer interconnects and 2-layer interconnects of various rectilinear, meandering, and redundant designs with 
experimental results. 
 
Various single-layer and double-layer interconnect designs have been modeled using 
finite element analysis, fabricated using the photoablation with in-situ masking process, and 
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tested for stretchability and electrical conductivity.  Meandering interconnects are observed to 
have a maximum stretchability ('L/L) of greater than 50 percent with a change in resistivity 
('R/R) of only 5%. These experiments demonstrate that this fabrication process is viable method 
for interconnect mesh design, offering conformable interconnect solutions which can be designed 
with varying amounts of stretchability. In addition, a redundant interconnect mesh with a 
maximum stretchability of almost 30 percent has been modeled, fabricated, and tested.  These 
redundant designs will increase the robustness and viability of interconnects without sacrificing 
stretchability, and will be modeled and described in Chapter 7 of the dissertation.  These 
experiments have successfully explored interconnect fabrication methods using the photoablation 
with in-situ masking and have investigated appropriate interconnect designs for smart skin sensor 
arrays. 
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CHAPTER 5 
DEVICES: SENSORS 
 
 Multimodal sensor development on flexible substrates is an integral part of the smart skin 
goal.  Sensors utilize mechanical characteristics of the substrate and deposited layers to transduce 
environmental properties and conditions into electrical signals, and need to be fabricated 
concurrently with interconnect and active devices.   This chapter focuses on combining 
photoablation using in-situ masking techniques with sacrificial polymer layers and projection 
back-side ablation methods for sensor fabrication.  First, the capacitive pressure sensor is 
designed, modeled, fabricated, and tested.  Next, it is demonstrated that these fabrication 
techniques can support many different types of capacitive-based sensors, using capacitive shear 
stress sensors and condenser microphones as examples.  Lastly, temperature sensors are 
fabricated on flexible polyimide substrates using a compatible fabrication process. 3 
 
5.1. Capacitive Pressure Sensors 
As the field of robotics advances, it becomes more important for the robot to have tactile 
feedback, such that it can mimic the human sense of touch.  When manipulating small or fragile 
objects, tactile feedback allows the robot to know how much pressure it is applying on the object 
to avoid damage.  Similarly, tactile feedback enables the robotic hand to interact with humans in a 
friendly and controlled manner.  The tactile feedback sensor array needs to be flexible and 
conformable so that sensors can be mounted on non-planar surfaces such as a robotic hand.  In 
addition to tactile sensors for robotics, stretchable capacitive pressure sensor arrays also have 
                                                          
Sections of this chapter contain text and figures from work previously published in [69]. 
74 
 
applications in the biomedical, aerospace, and automotive industries [21, 22, 99].   This section 
examines related research into flexible pressure sensor arrays, then describes a unique fabrication 
process for the capacitive pressure sensor. 
 
5.1.1. Background 
There are several fabrication approaches for flexible pressure sensor arrays.  One approach 
uses polymer substrates, conductive rubber meshes, and organic thin-film transistors (TFTs) such 
that the change in pressure is transduced into a resistance change in the conductive rubber layers 
[21, 22].  Another approach utilizes strain sensor arrays, fabricated by selectively adding spin-on 
polymer layers and thin-films of metal onto polyimide substrates.  A change in pressure is 
transduced into mechanical strain and a corresponding change in resistance [15-18].  A third 
approach uses a flexible stainless steel substrate, a polyimide layer, and two layers of metal such 
that a change in pressure is transduced into a change in capacitance for each element in the array 
[99].  In general, sensor arrays can be made stretchable and conformable by a number of 
techniques which include transferring devices onto an elastomer substrate [57-59], or selectively 
patterning and removing rigid substrates to enhance stretchability [5]. 
This research develops a versatile yet simpler fabrication approach for MEMS-based 
capacitive pressure sensors utilizing excimer laser photoablation for patterning of pressure 
sensors.  Sensor fabrication is concurrent with interconnect fabrication, and metal electrodes also 
act as in-situ masks for photoablation, as before.   MEMS-based capacitive sensors have two 
metal electrodes; environmental variables modify the capacitance sensed between the two 
electrodes.  Capacitive pressure sensors detect changes to pressure applied perpendicular to the 
plane of the substrate.  The top electrode of the sensor is fabricated on a polymer beam or 
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diaphragm structure, which bends with applied pressure.  The applied pressure decreases the gap 
between the top and bottom electrodes, and increases the sensed capacitance between the two 
electrodes.  Sensitivity and range of the capacitive pressure sensor can be controlled by adjusting 
the size and width of the beam and air gap.  Analytical and finite element modeling determines 
the appropriate sensor dimensions, and these theoretical models are compared to experimental 
results.  Individual pressure sensors are placed in an array arrangement and connected using 
various rectilinear, meandering, and redundant designs such that each sensor can be read out by 
probing a unique row and column electrode.   
 
5.1.2. Modeling  
 
Figure 5.1. Illustration of capacitive pressure sensor.  (a) Analytical model for capacitive pressure sensor under first 
mode of operation. (b) Analytical model for capacitive pressure sensor under second mode of operation. (c) Cross-
section showing metal-polymer composite beam structure. 
 
 
An analytical model is developed for the capacitive pressure sensor.  There are two distinct 
behaviors with regard to this sensor.  In the first mode of operation (Figure 5.1a), the beam has 
(a)
(b)
l
d
t
y(x,F)
x
w
dx
dCairgap
dCpolymer
d
t
w
dx
dCairgap
dCpolymer
boundary 
condition
boundary 
condition
lbeam/2
boundary 
condition boundary 
condition
tpolymer
y1
Neutral Axis
(Axisneutral)
y2
(c)
Region 1
Region 2
tmetal
Composite Beam Cross-section
Polymer Beam Cross-section
tpolymerNeutral Axis
(Axisneutral)
l
76 
 
two boundary conditions because both ends of the beam are rigidly attached to the structure.  
Equation 5.1, which is derived from standard beam bending formulas [100], characterizes the 
deformation of the beam y as a function of applied force, F, and location x.  E and I refer to the 
<RXQJ¶VPRGXOXVDQGPRPHQWRILnertia of the beam, respectively, and sensor dimensions are 
labeled in Figure 5.1. 
 ݕሺݔǡ ܨሻ ൌ െ ி ?௟ ?௫మଶସ ?ா ?ூ൅ ி ?௫యଵଶ ?ா ?ூെ ಷ೗  ?௫రଶସ ?ா ?ூ  (5.1) 
 ܫ ൌ ௪ ?௧యଵଶ  (5.2) 
Beam deformation changes the size of the air gap between the two electrodes and dCairgap, the 
capacitance associated with the air gap under the beam. Knowing the deformation characteristics 
of the beam, the capacitance of each small section of the beam, dCairgap and dCpolymer, is then 
calculated using the following equations. 
 ݀ܥ௣௢௟௬௠௘௥ ൌ ఌ ?ௗ௫ ?௪௧     (5.3) 
 ݀ܥ௔௜௥௚௔௣ ൌ ఌబ ?ௗ௫ ?௪௬ሺ௫ǡிሻାௗି௧  (5.4) 
where w is the width of the beam, t is the thickness of the beam, d is the distance between the 
electrodes, H is the permittivity of the polymer, and H0 is the permittivity of the air gap, which is 
approximated to be the permittivity of free space. The total capacitance of the sensor is the 
integral sum of the series combination of dCairgap and dCpolymer at each section of the beam, 
which is 
 ܥ௦௘௡௦௢௥ሺܨሻ ൌ  ?൬ ଵௗ஼ೌ೔ೝ೒ೌ೛ ൅ ଵௗ஼೛೚೗೤೘೐ೝ൰ିଵ  (5.5) 
Equations 5.3, 5.4, and 5.5 can be combined and simplified to 
 ܥ௦௘௡௦௢௥ሺܨሻ ൌ  ? ఌబ ?ఌ ?௪ఌ ?ሺ௬ሺ௫ǡிሻାௗି௧ሻା௧ ?ఌబ ݀ݔ௟଴   (5.6) 
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where l is the length of the beam.  
At higher applied pressures, the sensor enters the second mode of operation, as shown in 
Figure 5.1b, where the beam bends enough that it is also confined in the center region.  The 
capacitance of the sensor in the second mode of operation is calculated by adding the capacitance 
of region 1, where the beam is bending, with the capacitance of region 2, where the beam is 
touching the bottom electrode.  Because of additional constraints and boundary conditions, the 
sensitivity of the pressure sensor is reduced in the second mode of operation.   
The equation is 
 ܥ௦௘௡௦௢௥ሺܨሻ ൌ  ? ఌబ ?ఌ ?௪ఌ ?ሺ௬ሺ௫ǡிሻାௗି௧ሻା௧ ?ఌబ ݀ݔ ൅ ఌ ?௪ ?ሺ௟ି௟್೐ೌ೘ሻ௧௟್೐ೌ೘ሺிሻ଴   (5.7) 
where lbeam/2 is the length of the freestanding section of the beam (region 1), which is 
 ݈௕௘௔௠ሺܨሻ ൌ ቀሺௗି௧ሻ ?ா ?ூ ?ଷ଼ସி ቁభయ (5.8) 
Analytical models can be modified to account for the bending stiffness of the thin-film 
metal top electrode.  Using composite beam analysis, an effective thickness and neutral axis are 
determined knowing the stiffness and thicknesses of the metal and polymer layers.   First, the 
neutral axis is determined by solving this system of equations: 
 ܧ௣௢௟௬௠௘௥  ? ݕଵ  ? ݐ௣௢௟௬௠௘௥  ? ݓ ൅ ܧ௠௘௧௔௟  ? ݕଶ  ? ݐ௠௘௧௔௟  ? ݓ ൌ  ? (5.9) 
 ݕଶ െ ݕଵ ൌ ௧೛೚೗೤೘೐ೝା௧೘೐೟ೌ೗ଶ   (5.10) 
where Epolymer, Emetal DUHWKH<RXQJ¶VPRGXOLRIWKHSRO\PHUDQGPHWDOUHJLRQVUHVSHFWLYHO\tpolymer  
and tmetal are the thicknesses of the polymer and metal regions, and y1 and y2 describe the distance 
from the centroid of the section to the neutral axis of the overall beam, as described in Figure 
5.1c.  Equations 5.9 and 5.10 can be simplified to 
 ݕଵ ൌ ሺି೟೟೚೟ೌ೗మ ሻ ?ா೘೐೟ೌ೗ ?௧೘೐೟ೌ೗ா೛೚೗೤೘೐ೝ ?௧೛೚೗೤೘೐ೝାா೘೐೟ೌ೗ ?௧೘೐೟ೌ೗  (5.11) 
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The location of the neutral axis, with respect to y1, is 
 ܽݔ݅ݏ௡௘௨௧௥௔௟ ൌ ௧೛೚೗೤೘೐ೝଶ െ ݕଵ  (5.12) 
The equivalent moment of inertia of the composite beam structure is determined by scaling the 
EHDPZLGWKRIWKHPHWDOVHFWLRQE\WKHUDWLRRIWKH<RXQJ¶VPRGXOLEmetal/Epolymer, integrating with 
respect to dy, and taking into account the location of the neutral axis.  The sensor characteristics 
can be determined as described by Equations 5.6 and 5.7, using Icomposite as the equivalent moment 
of inertia. ܫ௖௢௠௣௢௦௜௧௘ ൌ  ? ா೘೐೟ೌ೗ா೛೚೗೤೘೐ೝ  ? ݓ  ? ݕଶ  ? ݀ݕ௧೛೚೗೤೘೐ೝା௧೘೐೟ೌ೗ି௔௫௜௦೙೐ೠ೟ೝೌ೗௧೛೚೗೤೘೐ೝି௔௫௜௦೙೐ೠ೟ೝೌ೗ ൅  ? ݓ  ? ݕଶ  ? ݀ݕ௧ି௔௫௜௦೙೐ೠ೟ೝೌ೗ି௔௫௜௦೙೐ೠ೟ೝೌ೗   (5.13) 
 The analytical model predicts pressure sensor sensitivity and range for various 
dimensions, and is used to determine appropriate size constraints.  Capacitive pressure sensors are 
analytically modeled for both modes of operation for beam thicknesses of 5 Pm to 8 Pm, using 
electrode length and width of 200 Pm.  Figure 5.2a shows the predicted sensed capacitance as a 
function of applied pressure for polymer beams, and Figure 5.2b shows the result for composite 
beams structures with 1 Pm aluminum top electrode.  
 Sensors are also modeled using ANSYS finite element analysis (FEA); in the model, a 
uniform pressure is applied to the top surface of the sensor while fixing the bottom surface of the 
substrate.   FEA structural deformation is examined and compared to the behavior predicted by 
the analytical model.  FEA models also estimate the maximum stress of the structure ± it is 
important that the maximum stress does not exceed the yield stress of the material.  As with the 
composite beam analytical model, FEA models also explore the effects of the thin-film 
DOXPLQXPHOHFWURGHRQWKHVHQVRUUHVSRQVH6LQFHWKH<RXQJ¶VPRGXOXVRIDOXPLQXPLVPXFK
greater than that of the polymer structural material of the sensor (70 GPa for aluminum vs. 2 GPa 
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for SU-8 polymer [89]), the thin-film metal plays an important role in beam deformation 
calculations.  Appendix B details FEA models for a 200 Pm x 200 Pm capacitive pressure sensor 
with a 5 Pm polymer beam, 5 Pm composite beam, 8 Pm polymer beam, and 8 Pm composite 
beam with electrode.  A representative 5 Pm polymer beam is shown in Figure 5.3. 
 
 
Figure 5.2.  Analytical model for capacitive pressure sensor. (a) Capacitance (fF) vs. applied pressure (Pa) for 5 Pm 
to 8 Pm polymer beams. (b) Capacitance (fF) vs. applied pressure (Pa) for 5 Pm to 8 Pm metal/polymer composite 
beams.  Note that the x-axis scales are different for the two plots. 
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Figure 5.3. FEA model for 200 Pm x 200 Pm pressure with 5 Pm polymer beam.  (a) Structural deformation to 
different amounts of applied pressure. (b) Isometric view of structural deformation under 0.1 MPa of applied 
pressure. (c) Stress of structure under 0.1 MPa of applied pressure.  
 
 
 FEA models are in strong agreement with analytical models for predicting structural 
deformation, showing the distinct differences in sensitivity between both modes of operation.  
The top metal electrode thickness affects the sensor sensitivity significantly, especially for the 
thinner 5 Pm beam, so the metal polymer composite beam must be characterized and modeled 
carefully.  The metal electrode layer experiences high stresses because of large stiffness and 
limited maximum strain as compared to the polymer structure.  Because elemental aluminum has 
a yield stress of only 7-11 MPa [101], high stresses exhibited during sensor operation may 
impact sensor robustness and repeatability.  However, many aluminum alloys have a much 
higher yield strength, up to 600 MPa [101], so the use of sputtered aluminum alloys may 
significantly improve sensor characteristics. 
Figure 5.4 compares the beam profiles under applied stresses for a 5 Pm beam.  Various 
other 5 Pm and 8 Pm beams are modeled in Appendix B.  As supported by previous simulations, 
the metal electrode stiffness changes the behavior of the polymer beam significantly. As 
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indicated by the graphs, FEA models and analytical models are also in close agreement for all 
the different profiles.   
 
 
Figure 5.4. Beam profile of 5 Pm polymer beam under applied pressure. 
 
 
5.1.3. Fabrication  
Fabrication of capacitive pressure sensors utilizes the excimer laser photoablation with in-
situ masking concept with two metal layers and one sacrificial polymer layer described in Chapter 
3 (Figure 5.5).  First, aluminum is deposited and patterned forming the bottom metal electrode.  
This is followed by the deposition and photolithographic patterning of the sacrificial polymer 
layer.  Next, a structural spin-on polymer dielectric layer is deposited to form the pressure sensor 
material.  SU-8 negative cross-linking resist is selected as the structural spin-on polymer because 
of its low temperature cross-linking characteristics and excellent mechanical properties.  The 
deposition of a second metal layer proceeds, and becomes the top electrode for the sensor array.  
Flood exposure using excimer laser energy initiates photoablation removing the polymer material 
that is not beneath the metal structures.  This patterns sensor and interconnect structures and 
opens vias to for the sacrificial polymer.  Sacrificial polymer removal is the last step of the 
fabrication process, opening DQ³DLUJDS´EHQHDWKWKHEHDPZKLFKLVQHFHVVDU\IRUSUHVVXUH
sensor operation.  
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Figure 5.5. Cross-sectional views depicting the photoablation with in-situ masking process. (a) Polymer substrate. 
(b) Deposition and patterning of metal on polymer for bottom electrode. (c) Deposition and patterning of sacrificial 
polymer. (d) Spin-on deposition of structural polymer. (e) Deposition and patterning of metal for top electrode. (f) 
Polymer photoablation process. (g) Removal of sacrificial material.  
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5.1.4. Results and Testing 
100 Pm x 100 Pm and 200 Pm x 200 Pm sensor arrays are fabricated using the process 
described above.  Scanning electron micrographs (SEMs) reveal that the sacrificial material is 
successfully removed (Figure 5.6); however, the beam profile deviates from theoretical models 
due to sloping of the photoresist sidewalls during the sacrificial layer patterning process.  Thus, 
there will be some differences between the analytical model and the measured data.  SEM also 
reveals that both electrodes of the sensor array and the corresponding layers of the interconnect 
structure have been successfully fabricated and are not damaged by the photoablation process.  As 
in the case of the stretchable interconnect, conical defects are present in the experimental system, 
and may cause a decrease in interconnect stretchability or sensor functionality if defects form in 
an inopportune location. 
 
Figure 5.6. Scanning electron micrographs of capacitive pressure sensors fabricated using photoablation with in-situ 
masking process. (a-d): Individual 100 µm capacitive pressure sensors. (e-f): 4x4 200 Pm capacitive sensor array 
connected using stretchable, redundant interconnects .  
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Individual capacitive sensors are tested and experimental results are compared with the 
theoretical model.  Capacitance values are read out through an Analog Devices capacitance-to-
digital test board, which has a resolution limit of less than 1 fF and a range of up to 4000 fF [102].  
Parasitic capacitances are minimized using grounded coaxial cables, and any additional parasitic 
capacitances are accounted for in software.  A micrometer stage and a force meter with 5 mN 
sensitivity are used to apply force in precise increments; 3'06LVXVHGDVD³EXIIHUOD\HU´for 
uniform pressure between the force gauge and the capacitive pressure sensor, such that the applied 
force is distributed over the contact surface area uniformly.  Capacitive sensor arrays are also 
tested using a similar setup.  The capacitance-to-digital test board is connected to a series of 
switches to multiplex the signal, such that the appropriate row and column are selected to read out 
the sensor of interest.  All other connections are grounded to minimize crosstalk between adjacent 
sensors.  Figure 5.7 shows the experimental setup for the capacitive pressure sensor array. 
 
 
Figure 5.7. Test setup for capacitive pressure sensor array. (a) Circuit schematic for pressure sensor array readout.  
The row and column of interest (3rd row and 3rd column, as shown in red) are multiplexed to the Analog Devices 
capacitance-to-digital board, while all other interconnects are grounded to minimize crosstalk. (b) Experimental 
setup for pressure sensor testing. 
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Figure 5.8. Experimental data of capacitive pressure sensor response to applied pressure, as compared to theoretical 
models. (Theoretical model 1: E = 4.1 GPa, t = 8.5Pm, d = 11 Pm, tmetal  = 0.2 Pm.  Theoretical model 2: E = 4.1 
GPa, t = 9.0 Pm, d = 11.5 Pm, tmetal = 0.2 Pm.) 
 
As predicted by the analytical models, the 200 Pm x 200 Pm capacitive pressure sensor 
shows two distinct modes of operation.  The polymer beam thickness, the metal electrode 
thickness, and the air gap height for the analytical model are adjusted to fit experimental data.   
Experimental data closely follows theoretical models with a beam thickness of 8.5 Pm to 9.0 Pm, 
a metal electrode thickness of 0.2 Pm and an air gap height of 2.5 Pm.  Adjustments to theoretical 
models correspond to observations using SEM; air gap height is less than in theoretical models 
due to overdevelopment of the sacrificial polymer layer, and the sputtered top metal electrode 
layer contains granular surface topology which reduces its effective stiffness. In the first mode of 
operation, the pressure sensor exhibits high sensitivity, with a capacitance change of 40 fF with an 
applied pressure of 150 kPa.  In the second mode of operation, the sensitivity is much lower; there 
is an additional capacitance change of 20 fF with a total applied pressure of 500 kPa (Figure 5.8).  
Although the sensor response is non-linear, the dual-mode operation of the pressure sensor is 
versatile.  The sensor exhibits high sensitivity at low applied pressures but also has a large range 
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to accommodate a wide variety of pressures.  To test sensor repeatability, pressure is applied and 
released on the sensor three times, and results show a repeatable measurement over the three 
cycles (Figure 5.9). 
 
Figure 5.9. Sensor repeatability test.  500 kPa of pressure is applied and released 3 times to show a repeatable 
response. 
 
A 4x4 pressure sensor array is tested using the test setup described above. All sensors 
show an increase in capacitance when pressure is applied (Figure 5.10); however, there is 
variation in the sensitivity of each sensor of the array, due to process variation.  Pressure is also 
applied to selective regions of the sensor array (top, bottom, left, right, etc.), and the sensor array 
responds accordingly.  That is, the regions with higher applied pressure show a correspondingly 
large change in capacitance, while regions with no applied pressure show only a small change in 
capacitance.   
Successful fabrication, modeling, and test of MEMS capacitive pressure sensors 
demonstrate photoablation with in-situ masking for sensor fabrication.  The fabrication process is 
versatile and supports a variety of structures and designs.  Since capacitive MEMS structures 
usually contain top and bottom metal electrodes, these electrodes can function as in-situ masks for 
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the definition of the polymer layers.  Thus, a myriad of capacitive-based MEMS devices, 
including condenser microphones, shear stress sensors, inertial sensors, accelerometers, and 
micromirrors can all be fabricated in a similar method [4].   In this dissertation, a MEMS 
capacitive shear stress sensor and a capacitive condenser microphone will be modeled and 
fabricated to serve as examples of the broad variety of MEMS-based sensors that may be 
developed using this fabrication method.  
 
Figure 5.10. 4x4 capacitive pressure sensor response. 500 kPa pressure is applied to various regions of the 4x4 
sensor array. Regions with applied pressure (shown in red) show an increase in capacitance. 
 
5.2. Shear Stress Sensors 
Shear stress sensors measure applied forces that are parallel with the plane of the sensor.  
For tactile sensing and texture detection applications, shear stress sensors detect tangential forces 
ZKHQ³JULSSLQJ´REMHFWs and complement tactile or pressure sensors (which detect the normal 
forces) for dexterous movement of delicate objects.  Other applications for shear stress sensors 
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include structural health monitoring, where changes in shear stress may be indications of an 
impending structural failure [7], and automotive applications, where shear stress sensors may be 
embedded into tires [103].  
 
5.2.1. Background 
There are several approaches for shear stress sensors.  Shear stress sensors can be 
implemented by connecting n-type and p-type piezoresistors in a Wheatstone bridge 
configuration.  In this configuration, changes in mechanical stress cause a resistance change in 
the Wheatstone bridge, which results in a voltage sensed between the two output terminals.  For 
flexible substrates and low-temperature compatibility, amorphous silicon piezoresistors can be 
used [104].  In a similar configuration, a shear stress sensor can be designed using a central plate 
suspended by four bridges containing polysilicon piezoresistors, and an elastomeric material 
such as PDMS is applied on top of the sensor to transfer the load.  This configuration detects 
both normal and shear stresses.  When a shear stress is applied, the plate moves in the direction 
of the stress, thus changing those piezoresistors; applied normal stresses change the sensor in a 
different way, moving the plate up and down and cause four piezoresistors to change in the same 
fashion [105, 106].  
A unique shear sensor approach utilizes a standing cantilever design with an integrated 
strain gauge.  When the cantilever experiences shear stresses, it becomes deformed from its 
original vertical displacement, thus causing a resistance change.  The sensor can be arranged in 
different orientations to detect shear stress in different directions.  Devices are fabricated using 
bulk micromachining of silicon; next, a magnetic field stands up the cantilever beams, and 
PDMS is spin-coated to encase the structure and transfer the shear stresses to the sensor [107].  A 
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capacitive tactile normal/shear stress force array sensor is another type of design, which consists 
of one top electrode and four bottom electrodes.  When shear forces are applied, the top electrode 
shifts in relation to the bottom electrodes; in this configuration, the overlap capacitance increases 
between certain electrodes and decreases with the other electrodes, resulting in a differential 
signal [108].   
This research demonstrates capacitive-based shear stress sensors for tactile sensing 
applications.  The fabrication of the capacitive-based shear stress sensors is based on the two-
layer in-situ masking process and is very similar to the pressure sensor fabrication described in 
the previous section, utilizing both top and bottom electrodes as in-situ masks for sensor 
structure patterning.  The capacitive-based shear stress sensor principle uses metal-coated 
polymer beams such that applying a shear force causes beam deflection (Figure 5.11).  As the 
metal-coated beams deflect, the overlap area between the electrodes changes, which corresponds 
to a change in sensed capacitance.  Sensitivity and dynamic range of the sensor are dependent on 
beam width, beam length, total electrode area, and overlap area of the metal electrodes.  To 
improve the interface with the environment, the sensor can be coated with PDMS for efficient 
transfer of the shear stress forces.  
 
 
Figure 5.11.  Capacitive shear sensor diagram. (a) Unstressed top and bottom electrodes with corresponding sensor 
dimensions.  (b) Shear forces bend the top electrodes and increase sensed capacitance. 
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5.2.2. Modeling 
The analytical approach predicts shear stress sensor performance using standard beam 
bending equations to model sensor behavior.  Analytical models are compared with FEA models, 
and alternative designs for shear stress sensors are also discussed.  The analytical model 
presented assumes rectangular beam shapes and ignores fringing capacitance.  In the unperturbed 
configuration, the overlap area and the corresponding sensed capacitance are both zero. Shear 
stresses bend the beam, increase overlap between the bottom and top electrodes, and increase the 
sensed capacitance.  The equation governing the beam bending behavior [100], y(x,F) is 
 ݕሺݔǡ ܨሻ ൌ െ ி ?௟ ?௫మଶସ ?ா ?ூ൅ ி ?௫యଵଶ ?ா ?ூെ ಷ೗  ?௫రଶସ ?ா ?ூ  (5.14) 
where y is the beam displacement as a function of x, F is the applied shear force, l is the length of 
the beam, E LVWKH\RXQJ¶VPRGXOXVRIWKHSRO\PHUPDWHULDODQGI is the moment of inertia of the 
beam.  Knowing ܨ ൌ ௉஺and  ܨ ൌ ௉௪ ?௟, the equation is 
 ݕሺݔǡ ܲሻ ൌ െ ௉ ?௫మଶସ ?௪ ?ா ?ூ൅ ௉ ?௫యଵଶ ?௪ ?௟ ?ா ?ூെ ௉ ?௫రଶସ ?௪ ?௟ ?ா ?ூ  (5.15) 
For shear forces, the moment of inertia of the beam is 
 ܫ ൌ ௛ ?௪యଵଶ   (5.16) 
where h is the beam height and w is the beam width.  As with the composite beam discussion in 
Section 5.1, the effective moment of inertia can be calculated for composite beams of varying 
metal electrode and polymer thicknesses.  At each section dx, the capacitance is equivalent to 
 ݀ܥ ൌ ఌ೐೑೑ ?ȁ௬ሺ௫ǡிሻȁ ?ௗ௫ௗ   (5.17) 
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where d is the distance between the top and bottom electrodes and Heff is the effective 
permeability of the capacitance.  The effective permeability, which accounts for the series 
combination of the polymer dielectric and the air gap, is  
 ߝ௘௙௙ ൌ ௗ ?ఌ೛೚೗೤ ?ఌೌ೔ೝ௛ ?ఌ೛೚೗೤ାሺௗି௛ሻ ?ఌೌ೔ೝ  (5.18) 
The total sensed capacitance is a function of applied force and is the integral of dC over the beam 
length.   
 ܥሺܨሻ ൌ  ?݀ ܥ௟଴   (5.19) 
 ܥሺܨሻ ൌ  ?௄ ?ఌ೐೑೑ ?ȁ௬ሺ௫ǡ௉ሻȁ ?ௗ௫ௗ௟଴   (5.20) 
where K is the number of beams in the structure.  Using the analytical models, several shear 
stress sensor designs with beam widths of 5 Pm, 10 Pm, and 20 Pm, and heights varying between 
5 Pm and 8 Pm, are compared and plotted in Figure 5.12.   
 
 
Figure 5.12. Analytical model for shear stress sensors of various beam heights and widths. 
 
 
Figure 5.12 indicates a linear sensor behavior, because beam deformation follows 
+RRNH¶VODZXVLQJWKHILUVWRUGHUDSSUR[LPDWLRQ6HQVLWLYLWLHVFDQEHILQH-tuned by adjusting 
beam thickness.  Varying the width of the beam changes the sensitivity of the beam dramatically, 
as the 5 Pm beams and 20 Pm beams vary in sensitivity by almost two orders of magnitude.  The 
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same analytical approach can model behavior for alternate beam designs.  In one potential 
alternate design, beams are initially overlapping, and applied shear stresses decrease the overlap 
and the sensed capacitance.  Another modified approach has a different geometry; this geometry 
has thinner beams for higher sensitivity, and wide electrodes to maximize overlap capacitance.   
 
Figure 5.13.  FEA of shear stress design with five 20 Pm beams. (a) Structure. (b) Stress (MPa). (c) X displacement 
(Pm). (d) Y displacement (Pm). (e) Z displacement (Pm). 
 
 
The analytical approach is supplemented by ANSYS finite element analysis (FEA) to 
confirm the mechanical deformation and also to estimate stresses during beam deformation 
(Figure 5.13).   Three-dimensional models are constructed to match the designs of the analytical 
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models.  Shear stresses are applied on the top surface of the structures while the bottom surface 
of the model is held at zero displacement.  The beam deformations in x, y, z directions are 
analyzed and the maximum stresses of the structure are observed.  FEA results for a 20 Pm beam 
geometry are illustrated in Figure 5.13.  Appendix C analyzes 20 Pm, 10 Pm, and 5 Pm 
geometries, as well as the ³PRGLILHG´designs described in the previous paragraph.   
FEA results indicate there are large stresses which ultimately limit the operation range for 
the 20 Pm beam sensor; regions along the edge of the beam exceed the yield stresses of the 
polymer material.  Furthermore, the shear forces also apply a torsion force on the beam, bending 
the edge of the beam downwards approximately 2 Pm in the z direction (the direction of shear 
stress).  This behavior was not modeled by analytical calculations, and it changes the sensed 
capacitance of the structure.  Structures of 10 Pm and 5 Pm behave more ideally, with minimal 
deflections in the y and z directions and a lower maximum stress under applied shear stress 
forces.  )XUWKHUPRUHWKH³PRGLILHG´VWUXFWXUHVZLWKWKLQEHDPVDQG thicker electrode regions 
also exhibit high structural stresses, and there are deflections in the y and z directions due to 
torsional forces.  Mechanical characteristics of the beam models are summarized in Table 5.1. 
 
Table 5.1. Summary of FEA simulations. 
 
Structure Shear Stress 
(kPa) 
Maximum 
Stress (MPa) 
x-axis 
deformation 
(Pm) 
y-axis 
deformation 
(Pm) 
z-axis 
deformation 
(Pm) 
20Pm beamsize  1125 340 7.51 1.02 1.79 
10Pm beamsize  225  205 9.29 0.68 0.56 
5um beamsize  65  49 4.86 0.19 0.08 
10Pm beam 
hybrid model 
 1050 336 13.93 1.28 2.79 
5Pm beam 
hybrid model 
 650 343 17.95 1.42 2.33 
 
 
94 
 
5.2.3. Fabrication 
The fabrication process is photoablation with in-situ masking with sacrificial layer (Figure 5.14).  
First the bottom metal electrode is fabricated.  This is followed by patterning of the sacrificial 
polymer layer (which forms the air gap), and the structural spin-on polymer layer.  Next the top 
metal electrode is fabricated.  The process continues with the photoablation step, which uses both 
top and bottom electrodes for selective patterning of the spin-on polymer and the polymer 
substrate.  Lastly, a solvent removes the sacrificial material, so the resulting shear stress sensor 
consists of two metal electrodes separated by an air gap. 
Fabricated shear stress sensors are examined using a scanning electron microscope 
(Figure 5.15), which confirms the successful fabrication of the structures with no damage to the 
structural metal layers; the clear separation between the top and bottom electrodes confirms that 
the sacrificial polymer layer is successfully removed.  As with previous structures, occasional 
conical defects appear on the shear sensor structures ± if the conical defects occur at inopportune 
locations, it may impact the sensitivity and operation of the shear stress sensor.   
Testing of capacitive shear sensors can follow a similar method as the pressure sensors.  
The Analog Devices capacitance-to-digital board utilized for pressure sensors can probe shear 
stress sensors for capacitance changes during applied shear stresses.  A micrometer stage and 
digital force meter will apply a controlled shear stress, and the interface with the polymer sensors 
may be improved through a PDMS layer.  Shear stress sensors and pressure sensors can be 
placed on the same sensor node for concurrent measurement of shear and normal stresses. 
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Figure 5.14. Fabrication process for shear stress sensors.  (a) Polymer substrate. (b) Metal deposition and patterning 
for bottom electrode. (c) Sacrificial layer deposition and patterning. (d) Spin-on polymer deposition. (e) Top metal 
electrode deposition and patterning. (f) Photoablation process defines the sensor structure. (g) Release of sacrificial 
material forms free-standing beams.  For simplification, sidewall angles are not represented in the cross-sectional 
figure. 
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Figure 5.15. Scanning electron micrographs of capacitive shear sensors. (a, b, c) 10 Pm beam width. (d, e) 5 Pm 
beam width. (f, g) 10 Pm beam hybrid design. (h) 5 Pm beam hybrid design. 
 
 
5.3. Condenser Microphones 
Microphones are transducers that convert acoustic energy into electrical signals.  
Microphones are used extensively today, particularly in the cell phone, laptop PC, camera, and 
automotive industries, where there is large market for low-cost yet reliable microphones [109].   
For smart skin applications, condenser microphones can be integrated with other sensor modes 
and enable the sensor mesh to monitor and record acoustic signals.  Furthermore, condenser 
microphones can be used in conjunction with transducers for structural health monitoring 
applications where the amplitude, phase, and delay of detected acoustic signals may be used for 
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
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structural crack and fault detection [6, 7, 110].  This section begins with a brief review of current 
micromachined microphone technologies, and then proceeds to fabrication of condenser 
microphones utilizing a compatible process; excimer laser photoablation with in-situ masking is 
combined with sacrificial materials and back-side projection photoablation for patterning of the 
condenser microphone.  Modeling of the condenser microphone frequency response and 
sensitivity will also be briefly discussed to determine appropriate size constraints for the 
condenser microphone. 
 
5.3.1. Background 
Piezoelectric, piezoresistive, and capacitive mechanisms are common transduction 
techniques for microphones.  Micromachined microphones may utilize MEMS technology and 
can be fabricated at a low cost; furthermore, microphones can be fabricated adjacent to CMOS 
circuits such that WKHUHDGRXWDQGDPSOLILFDWLRQRIWKHVLJQDOFDQEHSURYLGHG³RQ-chip´  A 
piezoelectric microphone, first demonstrated in 1983, consists of a diaphragm consisting of a 
piezoelectric thin film such that the movement of the microphone is transduced into an electric 
voltage.  Piezoresistive microphones have four silicon piezoresistors arranged in a Wheatstone 
bridge configuration such that stresses in the diagram induce a resistance change, which 
unbalances the Wheatstone bridge and thus produces a voltage across the output terminals.  
Capacitive based microphones, or condenser microphones, were originally conceived by Bell 
Laboratories in 1916, and consist of two electrodes.  One of the electrodes is fabricated on a 
diaphragm structure such that acoustic waves cause a deflection between the electrodes and a 
corresponding capacitance change.  When connected with a large resistor, the capacitance 
change is transduced into a voltage across the resistor [111, 112]. 
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The condenser microphone topology is commonly used in industry, and will be the focus 
of this section.  There are a few standard processes for fabrication of silicon condenser 
microphones.  The original fabrication process consists of patterning and bulk micromachining 
or etching using potassium hydroxide (KOH) on two individual wafers.  The wafers are then 
assembled individually, which is an arduous and tedious process.  A single wafer process has 
been proposed by various research groups; the process usually requires fabrication of the air gap 
using a sacrificial layer, and the etching of acoustic holes from the back side of the wafer [111-
115].   
 
Figure 5.16. Condenser microphone diagram: (a) Condenser microphone schematic highlighting components and 
important dimensions.  (b) Condenser microphone modeled as a damped and driven harmonic oscillator. 
 
This research demonstrates novel processes for condenser microphones, utilizing 
photoablation with in-situ masking and is similar to capacitive MEMS sensor fabrication.  This 
capacitive microphone structure consists of two electrodes as depicted in Figure 5.16a; one 
electrode usually is a flexible diaphragm that vibrates with acoustic waves and the second 
electrode is a rigid backplate with acoustic holes to minimize air streaming resistance.  A 
condenser microphone model is developed to determine appropriate size constraints for the 
structure.  For a high sensitivity flexible diaphragm, the structure is first patterned and thinned 
using projection back-side photoablation.  The fabrication then proceeds using the same process 
(a) (b)
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Acoustic 
Holes
Bottom 
Electrode
Top 
Electrode
M
Damping 
Factor Ra
Applied Force F(t)
Spring 
Constant K
Diaphragm 
Mass M
Air Gap hair
Diaphragm 
thickness hbeam
Diaphragm length b
99 
 
as before, with metal patterning, sacrificial layer patterning, polymer spin-coating, patterning of 
a second metal layer, and photoablation.   
 
5.3.2. Modeling 
 As mentioned in related literature, a condenser microphone can be modeled as a damped 
driven harmonic oscillator [111, 116, 117] as shown in Figure 5.16b.  The behavior of such a 
system can be described by the following second order differential equation: 
 ܯ ௗమ௬ௗ௧మ ൅ ܴ௔ ௗ௬ௗ௧ ൅ ܭݕ ൌ ܨሺݐሻ   (5.21) 
where M is the diaphragm mass, Ra UHSUHVHQWVWKH³UHVLVWDQFH´ or damping of the oscillator from 
the air, K represents the restoring force, or spring constant of the diaphragm, and F(t) describes 
the driving force of the oscillator.  In the case of a condenser microphone, the driving force is a 
superposition of sinusoidal waves of different frequencies.  The sinusoidal wave can be 
represented by 
 ܨሺݐሻ ൌ ܨ଴ሺ ?ߨ߱ݐ െ\ௗሻ (5.22) 
where 2SZ is the driving frequency, or the frequency of the sound wave.  Air streaming 
resistance provides the majority of the damping forces of the condenser microphone.  The 
streaming resistance is a function of air gap hair, the number of acoustic holes per unit area a, and 
the acoustic hole density A, and can be generalized by the following equation:  
 ܴ௔ ൌ ଵଶKೌ௔మS௡௛ೌ೔ೝయ ቀଵସ ݈݊ቀଵ஺ቁ െ ଷ଼ ൅ ଵଶܣ െ ଵ଼ܣଶቁ (5.23) 
where Ka is the viscosity of air, and the remaining variables are defined above.  The effective 
damping factor for various condenser microphone diaphragm sizes and hole sizes and a fixed air 
gap of 3 Pm are shown in Table 5.2. 
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Table 5.2. Damping factor for different condenser microphone configurations. 
 
Diaphragm 
Size (Pm) 
Hole Size 
(Pm) 
Number of 
Holes 
Damping Factor  
(N s / m) 
200 20 9 1.165E-4 N s / m 
300 20 25 1.790E-4 N s / m 
400 20 49 2.645E-4 N s / m 
500 20 81 3.706E-4 N s / m 
200 40 1 1.740E-3 N s / m 
300 40 4 1.572E-3 N s / m 
400 40 9 1.865E-3 N s / m 
500 40 16 2.311E-3 N s / m 
200 100 1 3.436E-4 N s / m 
300 100 1 4.474E-3 N s / m 
400 100 4 1.374E-3 N s / m 
500 100 4 6.046E-3 N s / m 
 
 Whereas the diaphragm stiffness for most silicon-based condenser microphones is 
determined by the thin-film stresses, thin-film stresses in this design are negligible due to room 
temperature deposition and the use of a polymer substrate as the diaphragm material.  Thus, the 
spring constant will instead be determined by the stiffness of the polymer.  To calculate the 
spring constant, K, it is assumed that the condenser microphone consists of a fixed square 
diaphragm with a uniform form distributed across the entire plate [111, 112].  The maximum 
displacement is determined by standard beam-bending equations [100] and is 
  ݕ௠௔௫ ൌ ఈ௉௕రாሺ௛್೐ೌ೘ሻయ (5.24) 
where D is a shape-dependent constant, equal to 0.0138 for a square diaphragm, P is the applied 
pressure, b is the length of the diaphragm, and E is the YRXQJ¶VPRGXOXVRIWKHPDWHULDO
However, ymax is the maximum displacement of the diaphragm and may not accurately portray 
the entire structure as a whole.  Therefore, a rough approximation is made, using ymax/3 as the 
average displacement of the beam.  Knowing the applied pressure, P = F/b2, and knowing the 
spring constant is expressed as K = 3F/ymax, one can attain the expression for the spring constant 
shown on the following page.  Using this equation, spring constant is calculated for diaphragms 
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ranging from 200 Pm to 500 Pm long and 5 Pm thick.  Estimated spring constants for various 
designs are summarized in Table 5.3. 
 ܭ ൌ ଷாሺ௛್೐ೌ೘ሻయఈ௕మ  (5.25) 
Table 5.3. Spring constants for different condenser microphone diaphragm structures.  
Width (Pm) Thickness (Pm) Mass (kg) Spring Constant (N/m) 
200 2 1.144E-10 2.396E2 
300 2 2.574E-10 1.065E2 
400 2 4.576E-10 5.990E1 
500 2 7.150E-10 3.833E1 
200 3 1.716E-10 8.085E2 
300 3 3.861E-10 3.594E2 
400 3 6.864E-10 2.021E2 
500 3 1.073E-9 1.294E2 
200 5 2.860E-10 3.743E3 
300 5  6.435E-10 1.664E3 
400 5 1.114E-9 9.358E2 
500 5 1.787E-9 5.989E2 
 
 As mentioned, the governing dynamics of the condenser microphone driven by a 
sinusoidal wave is a second order differential equation as described in Equation 5.26.  The 
general solution is a superposition of the steady state solution and the transient solution and will 
determine the position of the diaphragm as a function of time [118].  The general solution is 
detailed below. 
 ܯ ௗమ௬ௗ௧మ ൅ ܴ௔ ௗ௬ௗ௧ ൅ ܭݕ ൌ ܨ଴ܿ݋ݏሺ ?ߨ߱ݐ െ\ௗሻ (5.26) 
 ݕሺݐሻ ൌ ݕ௧௥௔௡ሺݐሻ ൅ ݕ௦ሺݐሻ (5.27) 
 ݕ௧௥௔௡ሺݐሻ ൌ ܣ௛݁ିJ௧ݏ݅݊ሺZᇱݐ ൅ \௛ሻ (5.28) 
 ݕ௦ሺݐሻ ൌ ܣܿ݋ݏሺZݐ െ \ሻ (5.29) 
Ah, A, J, \h, and \  are defined as follows: 
 J ൌ ோೌଶெ (5.30) 
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 Z଴ ൌ ට௄ெ (5.31) 
 ܣ ൌ ಷబಾቀ൫ZబమିZమ൯మିସJమZమቁభమ  (5.32) 
 ܣ௛ ൌ ௬బି஺ୡ୭ୱሺ\ሻୱ୧୬൫\೓൯  (5.33) 
 \ ൌ ݐܽ݊ିଵ ቀ ோೌZ௄ିெZమቁ െ \ௗ (5.34) 
 \௛ ൌ ݐܽ݊ିଵ ൬ Zᇱሺ௫బି஺௖௢௦ሺ\ሻ௩బାJ൫௫బି஺௖௢௦ሺ\ሻ൯ି஺Z ௦௜௡ሺ\ሻ൰ (5.35) 
The amplitude of the steady-state equation, A, determines the frequency response of the 
condenser microphone.  The cutoff of the microphone is the frequency where the amplitude is  
3 dB less than the frequency response at low frequencies.  Human perception of sound ranges 
from approximately 20 Hz to 20 kHz [119], so the cutoff frequency should be higher than the 
frequency of the highest perceivable human sound for the microphone to faithfully replicate the 
entire acoustic spectrum.  Some condenser microphones may have lower cutoff frequencies to 
filter high-frequency noise.  Normalized frequency responses are plotted for sensor sizes with 
diaphragm thickness of 3Pm, air gap height of 5 Pm, and diaphragm size ranging from 200 Pm x 
200 Pm to 500 Pm x 500 Pm for hole sizes of 20 Pm, 40 Pm, and 100 Pm (Figures 5.17 to 5.19).    
 Plots show a wide range of frequency responses.  In general, 20 Pm holes have less 
damping, have a high resonant frequency and exhibit an underdamped response at the resonant 
frequency.  In addition, larger diaphragms are less stiff and thus have a lower resonant frequency.  
The 100 Pm holes show a unique response; in this case, 200 Pm and 400 Pm diaphragms have 
superior performance and show an underdamped response since these designs have a higher 
acoustic hole density than the 300 Pm and 500 Pm diaphragms.   The cutoff frequencies are 
summarized in Table 5.4. 
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Figure 5.17. Frequency response for various condenser microphones with 20 Pm acoustic holes. 
 
 
Figure 5.18. Frequency response for various condenser microphones with 40 Pm acoustic holes. 
 
 
Figure 5.19. Frequency response for various size condenser microphones with 100 Pm acoustic holes. 
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Table 5.4. Cutoff frequencies for various diaphragm and hole sizes. 
 
Diaphragm 
Size (Pm) 
Hole Size (Pm) Number of 
Holes 
Cutoff Frequency 
(kHz) 
200 20 9 550 
300 20 25 250 
400 20 49 150 
500 20 81 70 
200 40 1 80 
300 40 4 40 
400 40 9 20 
500 40 16 10 
200 100 1 450 
300 100 1 10 
400 100 4 25 
500 100 4 4 
 
The open-circuit sensitivity of the condenser microphone characterizes the voltage 
response of the microphone to an acoustic signal.  In the open-circuit situation, acoustic waves 
induce a change in the displacement of the diaphragm which affects the electric field across the 
plates and results in a change in voltage across the electrodes.  Open-circuit sensitivities are 
calculated by summing the mechanical sensitivity Sm and electrical sensitivity Se.  The method is 
adapted from related literature [111, 112] and is described by   
 ܵ௢௣௘௡ ൌെܵ௠ܵ௘ (5.36) 
 ܵ௠ ൌ ௗ௬ௗ௉ (5.37) 
Mechanical sensitivity is calculated by the derivative of the displacement with respect to 
pressure.  Equation 5.20 describes the displacement with respect to applied pressure.  Its 
derivative is as follows: 
 ܵ௠ ൌ ௗ௬ௗ௉ ൌ ఈ௕రாሺ௛್೐ೌ೘ሻయ (5.38) 
Electrical sensitivity is described by the change in voltage due to the change in displacement.  
For condenser microphone applications, it can be assumed that the charges on the electrodes are 
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constant; thus, the electrical sensitivity is proportional to the electric field between the two 
electrodes. 
 ܵ௘ ൌ ௗ௏ௗ௬ (5.39) 
To determine electrical sensitivity, capacitance is assumed to be the series combination of the 
capacitances in the beam region and air gap region, as in previous capacitive sensors.  The 
polymer section of the beam is assumed to be rigid, and the deformation changes only the height 
of the air gap.  The equivalent capacitance is 
 ܥ௘௤௩ ൌ ఌ೛ఌబ஺ఌ೛௛ೌ೔ೝାఌబ௛್೐ೌ೘  (5.40) 
 
ௗ௏ௗ௬ ൌ ௗ௏௛ೌ೔ೝ (5.41) 
 ܸ ൌ ொೞ೟೚ೝ೐೏஼ ൌ ொೞ೟೚ೝ೐೏ሺఌ೛೚೗೤೘೐ೝ௛ೌ೔ೝାఌబ௛್೐ೌ೘ሻఌ೛ఌబ஺  (5.42) 
Using the open circuit approximation, the stored charge is the product of the bias voltage and the 
initial capacitance (Qstored = Vbias C0), and the equation can be rearranged accordingly. 
 
ௗ௏௛ೌ೔ೝ ൌ ொೞ೟೚ೝ೐೏ఌ೛ఌ೛ఌబ஺ ൌ ஼బ௏್೔ೌೞఌ೛ఌ೛ఌబ஺  (5.43) 
 ܵ௘ ൌ ௗ௏௛ೌ೔ೝ ൌ ௏್೔ೌೞ௛ೌ೔ೝା ഄబഄ೛௛್೐ೌ೘ (5.44) 
Combining Equations 5.44 and 5.38, the open-circuit sensitivity of the microphone is 
 ܵ௢௣௘௡ ൌ ఈ௕రா௧య  ? ௏್೔ೌೞ௛ೌ೔ೝାഄబഄ೛௛್೐ೌ೘ (5.45) 
In practice, condenser microphones may be paired in series with a large resistor or used in 
conjunction with a source follower pre-amplifier.  These configurations change the sensitivity of 
the microphone somewhat.  Table 5.5 shows the sensitivity of different polymer condenser 
microphone structures, varying in length and width from 200 Pm to 500 Pm, and varying in 
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thickness from 2 Pm to 5 Pm. For these structures, the air gap is 3 Pm, and the bias voltage is  
5 V. 
Table 5.5. Condenser microphone sensitivities for different diaphragm geometries. 
 
Diaphragm size Diaphragm thickness (Pm) Air gap (Pm) Sensitivity (mV/Pa) 
200Pm x 200Pm 3 3 0.066 
300Pm x 300Pm 3 3 0.336 
400Pm x 400Pm 3 3 1.061 
500Pm x 500Pm 3 3 2.589 
200Pm x 200Pm 2 3 0.239 
300Pm x 300Pm 2 3 1.212 
400Pm x 400Pm 2 3 3.830 
500Pm x 500Pm 2 3 9.350 
200Pm x 200Pm 5 3 0.013 
300Pm x 300Pm 5 3 0.064 
400Pm x 400Pm 5 3 0.203 
500Pm x 500Pm 5 3 0.495 
 
Results from analytical calculations highlight the design flexibility of the proposed 
process, as the diaphragm thickness, diaphragm size, and acoustic air hole configuration can be 
adapted to accommodate various sensitivities and frequency responses.  Ideally, the diaphragm 
needs to be as thin as possible to maximize sensitivity.  Furthermore, the air gap and the acoustic 
hole density and size can be adjusted such that the microphone response is fairly linear across the 
frequency range of interest such that it is not severely underdamped or overdamped.  The 
frequency response can also be fine-tuned by choosing the appropriate diaphragm size such that 
the structure can act as a mechanical low-pass filter and eliminate high frequency background 
noise.   
 
5.3.3. Fabrication 
As suggested by the analytical calculations, it is important to control the air gap, 
diaphragm thickness, and acoustic hole patterns with high fidelity and repeatability when 
designing condenser microphones.  Fabrication of condenser microphones uses the photoablation 
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with in-situ masking method.  However, the diaphragm is first patterned by selectively thinning 
the substrate from the back side.  Since each excimer laser pulse patterns a fraction of a micron 
of the substrate per pulse, it will be possible to precisely control the thickness of the diaphragm 
using photoablation by controlling the number of pulses.  Afterwards, the first metal electrode is 
patterned from the front side, aligning the patterns to the back-side diaphragms.  This is followed 
by the patterning of the sacrificial layer, the deposition of the spin-on polymer layer that provides 
the backing for second metal electrode, and the deposition and patterning of the second metal 
electrode.  The spin-on polymer thickness can be controlled by modulating the spin speed and 
choosing the appropriate solution viscosity to optimize the height of the air gap for the condenser 
microphone.  The photoablation with in-situ masking step patterns the diaphragm structures and 
the acoustic air holes.  Lastly, the removal of the sacrificial polymer opens the air gap such that 
the two electrodes vibrate independently in response to acoustic waves.  Acoustic hole size and 
density are determined by a photomask, and can be transferred with high fidelity.  The 
fabrication process is detailed in Figure 5.20. 
Scanning electron micrographs reveal the successful fabrication of condenser microphone 
structures (Figure 5.21).  There is a slight non-uniformity with the back-side photoablation etch 
rate such that portions of the diaphragm are thicker; however, the diaphragm averages 
approximately 5Pm in thickness, whereas the original substrate is 25 Pm thick.  For illustrative 
purposes, the back-side patterns were mis-aligned with the front-side patterns such that the 
thinned regions of the substrate can be examined from the edge of the device.  Lastly, it is 
important to note that while the height of the air gap and beam of this proof-of-concept are 
similar to the dimensions of the MEMS pressure and shear stress sensors, it will be possible to 
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optimize the thicknesses to improve the sensitivity and damping exclusively for condenser 
microphones. 
 
Figure 5.20. Fabrication process flow for condenser microphone structures. (a) Polymer substrate. (b) Projection 
back-side photoablation for formation of flexible diaphragm. (c) Metal patterning for electrode. (d) Sacrificial layer 
patterning for air gap. (e) Spin-on polymer deposition for electrode structure. (f) Metal patterning for electrode. (g) 
Photoablation for patterning of acoustic holes and microphone structure. (h) Sacrificial layer removal. 
(c)
in-situ Metal Mask
(b)
Polymer SubstratePhotoresist
(d)
(e)
Spin-on Polymer
(f)
(g)
(h)
Cross-Section Top View
(a)
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Figure 5.21. Scanning electron micrographs of fabricated condenser microphone structures.  (a, b) 400 Pm 
microphone with 20 Pm acoustic holes. (c, d) 500 Pm microphone with 20Pm acoustic holes. (e) 200 Pm 
microphone with 20 Pm acoustic holes. (f, g, h) 400 Pm microphone with 100 Pm acoustic holes. (i) 300 Pm 
microphone with 100 Pm acoustic hole. 
 
 
 
5.4. Temperature Sensors 
Temperature sensors are important for many sensor array applications.  For tactile 
sensing applications, thermal sensors determine the temperature and thermal conductivity of a 
material.  For physiological health monitoring, they may monitor body temperature.  For 
structural health monitoring, temperature sensors detect abnormal thermal loads or potential 
110 
 
problematic areas on infrastructure [4].  This section examines integration of temperature sensors 
onto flexible polyimide substrates for smart skin applications.  
5.4.1. Background 
There are three common types of temperature sensors ± thermocouples, resistance 
temperature devices, and thermistors.  Thermocouples rely on the Seebeck effect between 
different metals to convert temperature differences between the measurement and reference 
junction.  Thermocouples are impervious to interference from most physical and chemical 
signals.  Furthermore, since the voltage difference is generated by a purely physical effect, no 
external power source or additional circuitry is needed. There are a few standardized 
thermocouple combinations, such as type E (chormel and constantan), type J (iron and 
constantan), and type K (chromel and alumel).  Micromachined thermocouples have been made 
of combinations of material such as nickel and tungsten, chromel and alumel, gold and nickel, 
and gold and platinum, but the observed value is often lower than the bulk value [4]. 
Resistance temperature devices (RTDs) are metal resistors whose resistance changes with 
temperature.   As the temperature rises, increased lattice vibrations interfere with electron 
transfer and thus increase the sensed resistance.  Metals are used for RTDs for ease of processing; 
in particular, platinum has a high TCR and is often used for RTD devices. Thermistors are 
similar to RTD devices, but are made of solid-state semiconductor material such as silicon.  
Thermistors usually have a high resistance and are easy to miniaturize.  However, they usually 
have a lower temperature coefficient of resistance (TCR) than metals.  P-type polysilicon, when 
used as a thermistor, has a TCR of 0.1%/qC to 0.4%/qC for dopant concentrations of 1018 to 1020 
cm-3 [4]. 
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5.4.2. Fabrication and Test  
RTDs are selected as the temperature sensor of choice due to ease of fabrication and 
compatibility with the polymer substrate and the fabrication processes for other sensors 
discussed in this chapter.  As with the capacitive-based sensors, RTDs are fabricated on Kapton 
polyimide substrate using sputter-deposited thin films of copper, aluminum, and nickel, as shown 
in Figure 5.22a.  Optical micrographs confirm the successful fabrication of resistor-like 
structures on polyimide substrates, as shown in Figure 5.22b.  Devices are placed on a hot plate 
with a reference thermocouple, and the resistance of the structure is measured at various 
temperatures.  Devices show linear behavior and a positive resistance increase from 40 qC to  
120 qC (Figure 5.23).  The thermal sensor sensitivity is generally lower than the theoretical 
sensitivity, but this may be attributed to the interaction of the polymer substrate with the metal 
thin-film material, or it may be attributed to thermal gradients associated with mounting the 
sensor on a hot plate.   
 
 
 
Figure 5.22. Resistance temperature devices fabricated on polyimide substrates. (a) Fabrication process.  Optical 
micrograph of resistive structures for RTD tests. 
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Figure 5.23. Chart showing normalized increase in resistance for copper, nickel, and aluminum resistance 
temperature devices fabricated on polyimide substrate. 
 
 
There are several methods of integrating RTDs with the photoablation with in-situ 
masking processes.  RTDs can be fabricated on the sensor node beneath the capacitive-based 
pressure sensor at each node to provide temperature data of the environment, as shown in Figure 
5.24.  This design incorporates three layers of metal, where the first layer is the RTD electrode, 
and the top two layers form the interconnect and sensor design, as before.  RTDs are protected 
from the photoablation fluences that may damage certain types of thin-film metals.  Alternatively, 
the interconnect lines of the sensor mesh may be used as an RTD.  This method reduces the 
fabrication complexity of the system; however, it will be important to isolate resistance changes 
due to temperature from other confounding environmental changes such as strain, that may lead 
to a detected resistance change.  RTDs may also be integrated with different thermal heaters for 
thermal conductivity sensing, which may provide additional information for many sensing 
applications. 
 
113 
 
 
 
Figure 5.24.  Proposed design for integration of resistance temperature device sensor and pressure sensor on 
polymer substrate.  
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
Cross-Section Top View
114 
 
CHAPTER 6 
ACTIVE DEVICES: THIN-FILM TRANSISTORS 
 
Concurrent fabrication and integration of active devices with sensors and interconnects 
on flexible substrates adds capabilities such as data acquisition, conditioning, isolation and 
rerouting.  This chapter first explores different approaches for thin-film transistor (TFT) 
integration with flexible substrates and advantages of active device integration with smart skin 
sensor arrays.  Next, thin-film transistor fabrication processes for smart skin applications are 
developed with the goal of demonstrating decent electrical characteristics and utilizing low-
temperature deposition processes for flexible substrate compatibility.  Excimer laser 
crystallization of amorphous-silicon thin-films is explored as a potential approach to improve 
thin-film silicon mobility without damaging the sensor mesh.  Amorphous oxide semiconductor 
(AOS) materials are also studied as another alternative to TFTs on flexible substrates; these 
semiconductors have higher electron mobility and better electrical characteristics than other 
amorphous semiconducting materials.  
 
6.1. Background 
Polymer substrates present a formidable challenge to active device fabrication due to 
temperature limitations associated with the low glass transition temperatures of polymers.  
Kapton polyimide, the flexible substrate used in these experiments, has a glass transition 
temperature of 350 qC, which is far lower than the temperatures needed for silicon growth 
processes using conventional methods such as chemical vapor deposition (CVD).  For flexible 
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substrates, it is best that all deposition processes are at room temperature such that stresses 
between heterogeneous thin-film interfaces can be minimized.    
One solution for transistor on flexible substrates is organic active devices.  Pentacene is a 
common organic active device, exhibiting p-type properties.   Someya et al. demonstrate a sensor 
mesh system, integrating pentacene TFTs with temperature and pressure sensors.  An advantage 
to this approach is room temperature processing and compatibility with polymer sensors and 
interconnects.  The biggest drawback to organic TFTs is limited device performance.  Pentacene 
active devices have a hole mobility of up to 1 cm2 / (V  s) and an on/off current ratio of 106 [21-
23, 120]. 
Active devices can be first fabricated on silicon-on-insulator (SOI) substrate and 
afterwards transferred to a flexible substrate.  After device fabrication on silicon, a spin-coated 
polymer is deposited, and an isotropic etch is then used to remove the oxide and separate the 
silicon active devices from the wafer.  Utilizing this process, researchers fabricate inverters and 
ring oscillators with a turn-on voltage of +3 V and silicon mobility exceeding 100 cm2 / (V  s).  
An elastomeric substrate can be pre-stretched before the transferring process to enhance 
stretchability.  This approach utilizes traditional CMOS technology for convenient fabrication of 
high-performance CMOS active devices, building on decades of silicon research and 
development.  Unfortunately, the transferring process can be tedious, and is difficult to scale to 
large-area flexible substrates.  The transferring process also limits sensor and interconnect 
designs which can be integrated with the structure [56, 58]. 
Amorphous silicon deposition is another method for active devices on flexible substrates.  
Amorphous silicon can be sputter-deposited using RF magnetron sputtering at room temperature; 
sputtering is a physical process which does not require substrate heating, as with traditional CVD 
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processes.  Long et al. demonstrate the fabrication of n-type amorphous polysilicon TFTs 
showing a mobility of 1 cm2 / (V  s) and a threshold voltage of +2.5 to +4.5 V.  Amorphous 
silicon TFTs are compatible with CMOS technology and can be used with polymer substrates.  
However, mobility is limited from the grain boundaries of the amorphous material [121, 122].  
To improve the performance of sputter-deposited silicon, the silicon can be annealed using 
excimer laser energy.  Silicon absorbs excimer laser energy which crystallizes the amorphous 
grains resulting in higher mobility and better transistor performance.  Kim et al. measure p-type 
excimer laser crystallized silicon TFT with a hole mobility of 63.6 cm2 / V s, which is almost 
two orders of magnitude higher than its amorphous state [122].  The excimer laser crystallization 
concept is explored in detail in Section 6.3. 
Amorphous oxide semiconductors (AOS), such as ZnO [123-126] and InGaZnO [127-
135], are another interesting solution for active devices.  Whereas silicon contains an sp3 
hybridized orbital, these semiconductors have hybridized ns spherical orbitals from heavy metal 
cations (Zn2+, In3+, and Ga3+). While amorphous thin films of silicon exhibit poor performance 
due to poor matching of sp3 orbitals, amorphous thin films of ZnO and InGaZnO materials 
perform similarly to their crystalline counterparts.  Reasonable electron mobilities on the order of 
10 cm2/V s can be achieved using room temperature deposition techniques [127].  Advantages of 
AOS materials include moderate performance with room-temperature deposition methods on 
flexible substrates.  N-channel semiconductors are easily realized by intrinsic or extrinsic doping 
of the ZnO lattice.  However, there are difficulties in fabricating p-type semiconductors using 
ZnO-based AOS, with only a couple of research groups demonstrating p-type behavior with 
nitrogen doping of ZnO semiconductors; thus, CMOS logic remains a formidable challenge 
[136].  Section 6.4 explores fabrication and test of InGaZnO TFTs in detail.   
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The characteristics of these different approaches for active devices are summarized in 
Table 6.1 below. 
Table 6.1.  Performance of different types of thin-film transistor  active devices on flexible substrates. 
 
Fabrication Technique 
Mobility  
(cm
2
/V s) 
Vth  (V) Ion/Ioff 
P-type Pentacene Organic TFT [120] 0.3 -30V 1E6 
N-type a-Si TFT on Polymer [121] 0.8 to 1 +2.5V to +4.5V 1E6 
N-type InGaZnO4 TFT on Glass [127] 12 +1.4V 1E8 
P-type Silicon TFT 
(Excimer Laser crystallized)[122] 
63.6 -1.5V 1E5 
N-type Single-Crystal Silicon transferred to 
flexible substrate [56] 
~100 +3V  
 
6.2. Smart Skin Applications 
Active devices may be used for signal acquisition and conditioning for sensor meshes.  
For example, each capacitive sensor node may be connected to transistors which amplify signals 
and transduce sensed capacitance values to output voltage; this method reduces sensor noise and 
minimizes the dependence on external circuitry.  Active devices may function as switches to 
reroute signals around damaged regions of interconnect meshes to increase robustness.  Active 
devices may also be connected to each sensor in the mesh and used as switches to reduce 
crosstalk by isolating the sensor of interest. For example, current solutions for capacitive sensor 
array readout require that inactive row and column electrodes be grounded to reduce crosstalk 
between adjacent sensors (Figure 6.1a); a more effective solution utilizes thin-film transistor 
switches to disconnect and isolate individual pressure sensors during readout (Figure 6.1b).    
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Figure 6.1. Comparison between passive sensor isolation and active sensor isolation using switches. (a) With 
passive isolation, all electrodes except for the rows and columns of interest must be grounded. (b) Active devices 
can isolate the sensor of interest by opening all other signals. 
 
The visionary goal of a smart skin sensor array as a ubiquitous, autonomous, self-
sufficient large-area sensor mesh requires integration of many active devices.  These devices 
enable smart skin system-on-chip applications where data acquisition can be performed from 
sensors, sent through analog-to-digital converters, then processed through a series of 
computational logic, and converted back to the analog signal domain for wireless communication.  
For system memory, active devices may also be coupled with a capacitor to form dynamic 
random access (DRAM) memory.  Active devices are also needed for rectifier and power 
conversion circuitry for energy harvesting and power applications that are part of the overall 
smart skin vision. 
 
6.3. Excimer Laser Annealing of Amorphous Silicon  
The excimer laser crystallization (ELC) technique is researched for feasibility with 
polymer substrates and integration with the photoablation with in-situ masking process 
developed by this research.  Amorphous silicon can be sputter deposited at a low temperature, 
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but has a low mobility due to crystal structure misalignment at the grain boundaries.  Due to their 
high energy density, a short pulse length of approximately 15 ns, and the absorption  of silicon to 
ultraviolet wavelengths, excimer lasers can locally heat and anneal thin films of silicon without 
damaging the surrounding substrate.  The annealing process forms larger crystalline structures, 
eliminates grain boundaries, and improves overall electron mobility [127].  Excimer laser energy 
also drives in n-type and p-type dopants while annealing the silicon crystals.  Thus, moderate 
mobility silicon transistors can be fabricated through room-temperature sputter deposition 
techniques. 
Experimental procedures for the fabrication process are as follows:  First, amorphous 
silicon is deposited on a Kapton polyimide substrate using room temperature RF magnetron 
sputtering.  Next, a spin-on dopant solution (either n-type or p-type) is applied on top of the 
amorphous silicon thin film.  Lastly, excimer laser energy anneals the substrate and drives in the 
dopants.  The fabrication process is detailed in Figure 6.2. 
 
Figure 6.2. Fabrication process flow for excimer laser annealing and crystallization of amorphous silicon. (a) 
Polymer substrate. (b) Sputter-deposition of amorphous silicon. (c) Spin-on dopant deposition.  (d) Excimer laser 
crystallization. 
 
Sample resistivity is measured using a 4-point probe and is shown in Table 6.2.  Higher 
excimer laser fluences yield lower sheet resistances, indicating that the dopants are more 
successfully annealed at higher fluences.  The sputtered thin film is initially intrinsic so samples 
without dopants have a sheet resistance which is too high to be measured.  Samples are examined 
(a) (b) (c) (d)
Spin-on DopantThin-film Silicon Polymer Substrate
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under SEM; SEM results (Figure 6.3) show evidence of larger crystal structures under higher 
fluences.  Lastly, samples are examined using the Rigaku DMAX X-ray diffraction tool, as 
shown in Figure 6.4.  X-ray diffraction is capable of determining the material composition and 
crystallinity of the thin-film structure, since crystalline materials have a unique diffraction 
signature [137, 138], whereas amorphous materials will not have any diffraction peaks.   A 
sample which is annealed at 275 mJ/cm2 shows peaks at various diffraction angles that 
correspond to the crystal structures of the silicon lattice, supporting SEM and 4-point probe data. 
 
Figure 6.3. SEM micrograph of the surface of sputter-deposited thin film silicon without annealing, after annealing 
at 100 mJ/cm2, and after annealing at 200 mJ/cm2. 
 
Figure 6.4. X-ray diffraction measurements showing crystallization of silicon.  (Top) Sputter-deposited amorphous 
silicon before annealing.  (Bottom) Sample has been annealed at 275 mJ/cm2 for 25 pulses.  The annealed sample 
shows peaks which correspond to the peaks of the silicon lattice. 
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Table 6.2. Sheet resistance measured for different n-type and p-type doped samples 
 
 
Average Sheet Resistance (:/Square) 
Fluence Phosphorus-Doped (n-type) Boron-Doped (p-type) 
250mJ/cm
2
  6,000 130,000 
200mJ/cm
2
  36,000 270,000 
150mJ/cm
2
  90,000 320,000 
 
Ultimately, excimer laser crystallization of silicon for higher mobility active devices is 
challenging to integrate with the photoablation with in-situ masking processes.  Whereas 
polymers can be reliably patterned using fluences of less than 100 mJ/cm2, fluences exceeding 
200 mJ/cm2 are needed for successful crystallization of thin-films of silicon.  While feasible in 
the laboratory environment, higher fluences are difficult to use because they may damage the 
interconnect layers and will ablate the substrate while annealing the silicon.  Lastly, there are 
difficulties of reliably introducing the n-type and p-type spin-on dopants using excimer laser 
energy, because 4-point probe measurements varied dramatically between measurements of 
different samples.   
 
6.4. Thin-Film InGaZnO Transistors 
Amorphous oxide semiconductors exhibit moderate mobilities at low temperatures and 
thus are attractive for use in conjunction with flexible substrates and room temperature 
deposition.  As mentioned, unlike the sp3 hybridized conduction bands of silicon, the conduction 
bands of heavy metal cations (In, Ga, Zn) are derived from ns orbitals.  These atomic orbitals 
have large radii and a large overlapping spherical symmetry such that the mobilities of 
crystalline and amorphous structures are comparable [128].  This work utilizes room temperature 
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thin-film deposition for processes for InGaZnO-based thin-film transistors.  Devices are tested 
using the semiconductor parameter analyzer (SPA).  Lastly, logic gates are fabricated and tested 
as a proof of concept for active device capabilities. 
 
6.4.1. Fabrication  
The fabrication process for bottom-gate thin-film transistors is compatible with Kapton E 
polyimide substrates and can be integrated with the smart skin sensors and interconnects 
described in the previous sections.  Although glass transition temperatures of Kapton E 
polyimide exceed 350 qC, all thin-film deposition processes are performed at room temperature 
to minimize thermal stress.  Room temperature RF magnetron sputtering is compatible with a 
variety of metal and dielectric materials; therefore, RF magnetron sputtering is chosen as the 
deposition method. 
The fabrication process is as follows (Figure 6.5).  First, a 300 nm aluminum layer is 
sputter-deposited onto a Kapton E polyimide substrate, and aluminum is deposited and 
afterwards patterned using standard wet-etching techniques.  The fabrication follows with 
deposition of 300 nm Si3N4 dielectric using room temperature RF magnetron sputtering.  Next, 
approximately 150 nm of InGaZnO active layer is sputter-deposited; to optimize electrical 
characteristics of the thin-film InGaZnO, oxygen is mixed with the argon gas in the sputter 
chamber.  The optimal argon and oxygen ratio is determined empirically, as stated in previous 
literature, and has a direct effect on the electrical conductivity of the InGaZnO thin film.  If the 
oxygen gas ratio is too low, the film tends to be metallic and has low resistivity with high off-
current.  On the contrary, if the oxygen ratio is too high, the film tends to be insulating and 
exhibits poor contact behavior with the source/drain regions [127].  InGaZnO is then patterned 
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using hydrochloric acid (HCl) to form the active regions.  Next, source and drain contacts are 
formed through deposition and patterning of titanium (Ti) using the lift-off.  Lastly, fabrication 
concludes with an optional Si3N4 etch, which opens contact regions to the gate electrode. 
 
 
Figure 6.5.  Fabrication process flow for TFT active devices. (a) Polymer substrate. (b) Aluminum gate electrode 
deposition and patterning.  (c) Silicon nitride dielectric deposition. (d) InGaZnO active layer deposition and 
patterning. (e) Titanium source/drain deposition and patterning.  (f) Optional silicon nitride patterning to open 
contacts to gate electrode. 
(a)
(b)
(c)
(d)
(e)
(f)
InGaZnO Active Layer Polymer Substrate
Si3N4 Dielectric Aluminum Gate
Titanium Source/Drain
Cross-section View Top View
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Figure 6.6. Fabricated InGaZnO active devices. (a) Active devices are fabricated on a Kapton polyimide substrate. 
(b) InGaZnO transistor, L = 5 Pm, W = 100 Pm. (c) InGaZnO transistor, L = 40 Pm, L = 50 Pm.  (d) InGaZnO 
transistor, L = 80 Pm, W = 100 Pm.  (e) InGaZnO transistor, L = 30 Pm, W = 40 Pm.  
 
Devices are examined using an optical microscope.  Figure 6.6a emphasizes the 
flexibility of a sample fabricated on flexible Kapton E polyimide substrate.  Figures 6.6b, 6.6c, 
6.6d, and 6.6e show fabricated devices having various gate widths and lengths.  Devices have 
gate lengths ranging from 5 Pm to 100 Pm and gate widths ranging from 10 Pm to 150 Pm.  
Colors are a result of thin-film interference of dielectric and InGaZnO layers; different regions of 
the substrate have different colors due to non-uniformities in the sputtering process.  Uniformity 
can be improved through sample rotation during the deposition process, or by increasing the 
distance between the sputter target and the sample.   
 
6.4.2. Testing  
First, capacitance and leakage current tests verify Si3N4 quality as a gate dielectric.  
Agilent 4284A Precision LCR meter measures capacitance of several test devices, which have a 
sputtered Si3N4 dielectric layer in between two metal electrodes.  The test compares the relative 
permittivity of sputtered Si3N4 to the theoretical relative permittivity of 7.5.  Measured 
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permittivity is determined by measuring the capacitance, assuming a 300 nm thickness and 
length and widths varying from 100 Pm x100 Pm to 500 Pm x 500 Pm, depending on the 
capacitor geometry, using the equations below:  
 ܥ ൌ ఢ ?஺ௗ ൌ ఢೝ ?ఢబ ?௅ ?ௐௗ  (6.1) 
 ߳௥ ൌ ௗ ?஼ఢబ ?௅ ?ௐ  (6.2) 
Figure 6.7 shows that with the exception of the 100 Pm x 100 Pm test device, the devices 
have a lower permittivity than the theoretical permittivity of Si3N4, due to the porous nature of 
the sputtered dielectric layer.  The 100 Pm x 100 Pm may be affected by fringing capacitance 
that is not characterized in this test, thus exhibiting a higher capacitance.  Leakage current 
through the capacitors is measured using Agilent 4155C Semiconductor Parameter Analyzer and 
sweeping the bias voltage from 0 to 40 V.  As shown in Figure 6.8, the maximum leakage 
current is less than100 nA at 40 V bias voltage for all three samples, and samples do not exhibit 
dielectric breakdown within the 0-100 V bias range.  Electrical tests verify that sputtered silicon 
nitride shows sufficiently low leakage current and acceptable electrical permittivity 
characteristics for a thin-film transistor (TFT) gate dielectric. 
 
Figure 6.7. Relative permittivity of sputtered Si3N4. 
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Figure 6.8. Leakage current for Si3N4 dielectric. 
 
Thin-film transistor (TFT) devices are tested using an Agilent 4155C semiconductor 
parameter analyzer (SPA).  Electrical data for gate leakage current and drain leakage current are 
analyzed to verify the thin-film characteristics of the active layer and dielectric layer.  In addition, 
drain current vs. gate voltage (ID-VG) curves, and drain current vs. drain voltage (ID-VD) plots 
characterize transistor performance.  Figure 6.9 illustrates test data from a W = 100 Pm, L =  
20 Pm transistor.  Additional transistor measurements with device dimensions ranging from W = 
5 Pm, L = 5 Pm to W = 100 Pm, L = 20 Pm are available in Appendix D. 
 
Figure 6.9.  Electrical test data for W = 100 Pm, L = 20 Pm InGaZnO TFT device. 
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Using this data, the electron mobility (Pn) is calculated in the linear regime of the drain 
current vs. gate voltage (ID vs. VG) plot using MOSFET equations [139].  Electron mobility is 
determined by using the MOSFET equations and finding the slope of the drain current vs. gate 
voltage graphs in the linear and saturation regimes.  Mobility is determined by taking the partial 
derivative of the drain current with respect to the gate voltage and dividing by the oxide 
capacitance Cox, drain voltage Vds, and the transistor dimensions W/L.  Assuming a constant 
mobility, the slope of the drain current should be constant in the linear operating region.   
 ܫ஽ ൌ ߤ௡ܥ௢௫ ௐ௅ ሺ൫ ௚ܸ௦ െ ௧ܸ௛൯ ௗܸ௦ െ ௏೏ೞమଶ ሻ (6.3) 
 
డூವడ௏௚௦ ൌ ߤ௡ܥ௢௫ ௐ௅ ௗܸ௦ (6.4) 
 ߤ௡ ൌ ങ಺ವങೇ೒ೞ஼೚ೣೈಽ ௏೏ೞ   (6.5) 
A similar method is used to find electron mobility in the saturation regime.  The partial 
derivative of the square root of the drain current is calculated with respect to the gate voltage, 
and then the mobility term is isolated in the equation. 
 ܫ஽ ൌ ߤ௡ܥ௢௫ ௐଶ௅ ൫ ௚ܸ௦ െ ௧ܸ௛൯ଶሺ ? ൅O ௗܸ௦ሻ ൎ ߤ௡ܥ௢௫ ௐଶ௅ ൫ ௚ܸ௦ െ ௧ܸ௛൯ଶ  (6.6) 
 ඥܫ஽ ൌ ටߤ௡ܥ௢௫ ௐଶ௅ ൫ ௚ܸ௦ െ ௧ܸ௛൯  (6.7) 
 
డඥூವడ௏௚௦ ൌ ටߤ௡ܥ௢௫ ௐଶ௅  (6.8) 
 ߤ௡ ൌ ൬ങඥ಺ವങೇ೒ೞ൰మ಴೚ೣೈమಽ   (6.9) 
Using these sets of equations, the linear and saturation mobility is calculated.  In addition, 
the on/off current ratio (Ion/Ioff) is determined by comparing the maximum and minimum drain 
currents.  The threshold voltage is determined by using the mobility and solving for the standard 
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MOSFET equations above.  For example, a W = 100 Pm, L = 20 Pm transistor is measured to 
have a saturation mobility of 10.7 cm2 /(V  s), a linear mobility of 7.1 cm2 /(V  s), an on/off ratio 
(Ion / Ioff ) of 5.45 x 10
5 and a threshold voltage of 1.12 V.  Data for various transistors is 
summarized in Table 6.3. 
Table 6.3. Summary of Transistor Performance for various TFT devices. 
Transistor Test Width (Pm) Length (Pm) Ion/Ioff Mobility  
(cm
2
 / V s) 
Threshold 
Voltage (V) 
Linear (Vd = 1V) 5 5 3.72E5 16.0 1.87 
Linear (Vd = 1V) 15 5 1.95E6 7.8 2.07 
Linear (Vd = 1V) 10 10 1.19E6 14.6 1.83 
Linear (Vd = 1V) 20 10 7.47E6 7.7 1.74 
Linear (Vd = 1V) 30 10 1.73E6 12.8 2.45 
Saturation (Vd = 10V) 30 10 1.09E6 18.4 2.01 
Linear (Vd=1V) 100 20 9.07E5 7.1 2.63 
Saturation (Vd = 10V) 100 20 5.45E5 10.7 1.12 
Linear (Vd = 1V) 50 50 4.34E5 11.4 2.51 
 
 
Repeatability and robustness of the thin-film transistor active devices is quantified by 
measuring drain current vs. drain voltage (ID vs. VD) five times in succession (Figure 6.10a).  
7KHILUVWPHDVXUHPHQWLVGLIIHUHQWIURPVXEVHTXHQWPHDVXUHPHQWVLQGLFDWLQJD³GULIW´HIIHFWRI
the transistor properties.  However, additional measurements are very similar to each other, 
indicating that the transistor may have stabilized after the first measurement.  This phenomenon 
may be a result of trapped charges in the oxide layer which affect the threshold voltage and thus 
the performance of the transistors [131]. 
There are a few additional non-idealities with regard to the measurement data.  First, 
electron mobility is observed to increase as a function of Vg, as observed by the changing slope 
of the Vg vs. Id curve (Figure 6.10b).  These abnormalities may be explained by a few physical 
phenomena.   The ideal transistor model does not account for series resistance or Schottky 
junctions in the source-drain contacts; although titanium has been chosen for the source-drain 
metal to minimize the Schottky barriers, the effect of the metal-semiconductor junctions as well 
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as series resistances may be significant.  Furthermore, drain-source contacts are adjacent to the 
top layer of ZnO, and an inversion channel forms along the bottom of the active layer.  Thus, a 
small potential barrier may be formed at low gate voltages, which decreases mobility.    Finally, 
the thickness of the thin-film active layer deviates from that predicted by the MOSFET model.  
The inversion layer is formed at the surface of the active layer but increases in thickness as more 
gate voltage is applied.   
 
 
Figure 6.10. Repeated measurements for InGaZnO TFT transistor. (a) ID vs. VG transfer curves for five repeated 
measurements of the same device (W = 30, L = 10). (b) Drain current vs. gate voltage transfer curve showing non-
linear slope.   
 
6.4.3. Logic Gates from TFTs 
 
To demonstrate one potential application for InGaZnO TFTs, these transistors are placed 
in NAND, NOR, and inverter logic gate combinations.  In CMOS technology, p-type (PMOS) 
active devices complement the n-type (NMOS) transistors such that one transistor is on while the 
other is off, thereby tying the output to supply or ground bus wire voltages [139].  Most 
amorphous semiconductors are intrinsic n-type semiconductors; in the case of zinc oxide, zinc is 
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a shallow interstitial donor, supplying additional electrons to the lattice.  In addition, oxygen 
vacancies may form in the lattice, allowing for additional available electrons.  These 
semiconductors will not exhibit p-type characteristics because zinc vacancies and interstitial 
oxygen dopants have low formation enthalpies.  While a few research groups have been able to 
introduce extrinsic nitrogen dopants (replacing oxygen in the lattice) for p-type behavior of 
amorphous oxide semiconductors, this process is arduous and the resulting semiconductor tends 
to be unstable [136].   
Therefore, digital logic gates are synthesized by placing a resistor in place of PMOS 
transistors.  For an inverter logic gate, the output voltage will be low if the NMOS gate voltage is 
high forming a conducting channel between ground and the output terminals.  Similarly, a 
NAND logic gate will have a low output voltage if and only if both of the input gates to the 
NMOS transistors are high.  A NOR logic gate will have a low output voltage if either one of the 
transistors has a high gate voltage, forming a conducting channel to GND.  Compared to CMOS 
logic, resistors use more area and have higher power consumption due to a continuous current 
flow through the resistor.  Furthermore, the resistor-tied transistor configuration decreases the 
voltage range of the output, since the resistor will always be in series with the NMOS transistor.   
In place of a series resistor, NMOS transistors may be connected in series with a diode-
connected transistor.  A diode connected transistor has its gate tied to the drain such that the 
transistor is always in saturation and the device behaves like a resistor.  The diode connected 
transistor topology reduces chip area since large, meandering resistors need not be fabricated; 
furthermore, the effects of process variation are simplified, since the diode-connected transistor 
and the active device transistor are fabricated together [140].  Figures 6.11, 6.12, and 6.13 
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compare NOR, NAND, and inverter logic gates using CMOS, NMOS thin-film transistor with 
series resistor, and NMOS logic gate with diode-connected transistor. 
 
 
 
 
 
Figure 6.11. Inverter logic gate schematic. (a) Conventional CMOS logic.  (b) NMOS logic with series load resistor. 
(c) NMOS logic with series diode-connected transistor. 
 
 
 
 
 
Figure 6.12. NOR logic gate schematic. (a) Conventional CMOS logic. (b) NMOS logic with series load resistor. (c) 
NMOS logic with series diode-connected transistor. 
 
 
 
 
 
Figure 6.13. NAND logic gate schematic. (a) Conventional CMOS logic. (b) NMOS logic with series load resistor. 
(c) NMOS logic with series diode-connected transistor. 
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Preliminary results for logic gates use the resistor-tied approach, as the series resistance 
of these devices can be varied during the testing procedure to examine the effects on the logic 
gate.  InGaZnO-based thin-film logic gate fabrication is very similar to InGaZnO transistor 
fabrication.  For a resistor-tied device, an additional metal layer and photomask are needed for 
fabrication of resistors after source and drain patterning.  Resistors are patterned via liftoff using 
low-conductivity thin films such as indium-tin-oxide (ITO) or metallic InGaZnO (by changing 
the oxygen and argon gas ratios during sputtering, the conductivity of InGaZnO can be 
increased).  Optical micrographs (Figure 6.14) show the fabricated logic gates using a resistor-
tied device topology, and the fabrication process is detailed in Figure 6.15.  Various colors on the 
optical micrograph stem from thin-film interference from the silicon nitride, zinc oxide, and 
indium tin oxide layers.  For a diode-connected device, no additional fabrication process is 
required; however, silicon nitride etching to open gate contacts must be performed before the 
source/drain electrode deposition process, as indicated in Figure 6.16.   
 
 
 
Figure 6.14. Optical micrographs of InGaZnO TFT logic gates on flexible substrates. (a) Inverter logic gate.  (b) 
NAND logic gate. (c) NOR logic gate. 
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Figure 6.15. Fabrication of InGaZnO logic gate (load-resistor based logic gate). (a) Polymer substrate. (b) 
Aluminum gate electrode deposition and patterning.  (c) Silicon nitride dielectric deposition. (d) InGaZnO active 
layer deposition and patterning. (e) Titanium source/drain deposition and patterning.  (f) Load resistor deposition 
and patterning (g) Optional silicon nitride patterning to open contacts to gate electrode.   
 
e
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Figure 6.16. Fabrication of InGaZnO logic gate (diode-connected transistor based logic gate). (a) Polymer substrate. 
(b) Aluminum gate electrode deposition and patterning.  (c) Silicon nitride dielectric deposition. (d) InGaZnO active 
layer deposition and patterning.  (e) Silicon nitride patterning to open contacts to gate electrode.  (f) Titanium 
source/drain deposition and patterning.  (f) Load resistor deposition and patterning.  
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Logic gates are tested using the HP4155a semiconductor parameter analyzer, as with the 
TFT tests.  Input voltage to the inverter gates is swept from 0 to 10 V and the output voltage is 
recorded.  Supply voltages (VDD) are stepped from 5 V to 25 V to examine the logic 
performance in response to different voltages.  Inverter logic device test results show typical 
inverter behavior: output voltage decreases with increasing input voltage (Figure 6.17).  
However, due to the resistor-tied NMOS topology, the voltage does not reach 0 V when the input 
gate voltage s high, and due to leakage current of the transistor, the voltage does not reach the 
supply voltage when the input gate voltage is low.  Figures 6.18 shows output behavior for 
NAND and NOR logic.  As with the inverter logic gates, output voltage does not completely 
swing from 0 V to VDD due to the series resistor and the leakage current of the transistor.   
There are difficulties with the fabrication of InGaZnO-based thin-film transistors using 
these laboratory facilities.  While some transistors exhibited excellent transistor characteristics, 
other transistors had poor Ion/Ioff ratio, attributed to poor on current (Ion) performance.  Since 
there is only one available general-use sputterer, all thin-film deposition processes in this work 
utilize the same chamber.  The sputterer is also a shared-use tool, so other metals and thin films 
are also deposited using the same chamber.  The cross-contamination from these practices made 
it difficult to make devices with repeatable characteristics.  It is hypothesized that a dedicated 
sputter chamber for each thin-film deposition process will minimize contamination and produce 
more consistent results.   
Despite the difficulties with process control and InGaZnO thin-film transistor active 
devices, it is the most promising method for integrating active devices with sensors and 
interconnects on flexible substrates.  This method produces thin-film transistors with acceptable 
performance, is compatible with low-temperature substrates, and offers design flexibility for a 
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variety of circuit designs.  This work demonstrates that InGaZnO transistors can be successfully 
adapted to the novel photoablation with in-situ masking processes described in this work. 
 
Figure 6.17.  Vout vs. Vin response for inverter logic gate. 
 
 
Figure 6.18.  Vout vs. Vin performance for NAND and NOR logic gates.  Inputs to the logic gates are denoted on the 
x-D[LVRIWKHFKDUW)RUH[DPSOH³1$1'´LQGLFDWHVERWKLQSXWVDUHORJLF 
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CHAPTER 7 
LARGE-AREA CONSIDERATIONS 
 
In the preceding chapters, the fabrication of individual interconnects, sensors, and thin-
film transistor devices has been described.  However, a successful smart skin sensor mesh system 
necessitates large-area integration of these individual devices and processes in a robust and 
manufacturable fashion.  A quantitative understanding of robustness, a large-area fabrication 
technique, and a method for integration of interconnects, sensors, and transistors are 
requirements for large-area design.  First, this chapter develops a method for quantifying 
robustness by determining the vulnerability of different designs to open-circuit defects.  Next, 
the impact of conical defects (a product of imperfect photoablation) on interconnect stretchability 
and sensor functionality is characterized.  Large-area adaptability is discussed, and a prototype 
interconnect mesh is fabricated using seamless-stitching techniques for photoablation.  Finally, 
techniques are proposed for heterogeneous integration of multimodal sensors, interconnects, and 
active devices onto a large-area, functional mesh structure. 
 
7.1. Redundancy and Robustness 
There is a high probability of defects occurring during the fabrication process, so 
robustness is an important characteristic of large-area interconnect meshes.  In addition, defects 
may be generated during the lifetime of the sensor mesh while the mesh is subjected to 
challenging environmental conditions.  Thus, sensor mesh robustness is quantified using Monte 
Carlo simulations for various meshes, and redundant designs are suggested to improve 
robustness.  
138 
 
7.1.1. Defect-Tolerant Design 
Conventional interconnect designs have one electrical path between adjacent sensor 
nodes, such that one defect interrupts the proper operation of the sensor mesh, and the sensor 
nodes on thDWURZRUFROXPQZRXOGEHUHQGHUHGXQUHDGDEOHRU³EURNHQ´)LJXUHD. To 
improve robustness, interconnect meshes are designed with multiple interconnect paths between 
adjacent sensor nodes such that only one path needs to be electrically conductive for proper 
functionality (Figure 7.1b).  The overall goal is to design a redundant interconnect mesh to 
improve robustness without decreasing interconnect mesh stretchability. 
 
 
Figure 7.1. Redundant interconnect mesh design concept. (a) Meandering interconnect mesh has a single connection 
between adjacent nodes. (b) Redundant meandering interconnect mesh has multiple connections between adjacent 
nodes. 
 
In a similar manner to interconnects, sensor arrays may be prone to open-circuit defects 
and other process variations that may affect the sensitivity and operation of an individual sensor.  
In a conventional sensor array mesh (Figure 7.2a), each sensor node is individually probed such 
WKDWDIDLOXUHRIRQHVHQVRUQRGHLQWKHPHVKZRXOGOHDYHDQLQIRUPDWLRQ³JDS´  In a redundant 
sensor array system (Figure 7.2b), the sensor array density is increased, and sensors are grouped 
into blocks of multiple sensors (i.e., groups of 4, 9, or 16) such that only one sensor in the block 
needs to be functional for sufficient information to be attained.  Implementation of redundant 
(a)
(b)
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sensors requires higher density features and is more challenging from a pattern transfer 
perspective; however, no additional fabrication steps are required and robustness is improved 
dramatically.   
 
Figure 7.2.  Redundant sensor design concept. (a) A typical 8x8 sensor array in a non-redundant setup. (b) A 
redundant 16x16 sensor array arranged in blocks of 2x2 yields the same resolution as a basic 8x8 sensor array. 
 
 
7.1.2. Monte Carlo Robustness Simulation  
A Monte Carlo MATLAB simulation quantifies robustness of various interconnect mesh 
designs and characterizes improvements of redundant configurations.  The operation of 
MATLAB Monte Carlo simulation is as follows:  First, each interconnect mesh layer is imported 
as an image file.  Defects of various sizes and densities are randomly distributed across the 
prototype sensor mesh system, and the percentage of functional nodes is calculated using the 
following rule: A node is functional if there is at least one conductive path from the node to a 
contact pad in each of the metal layers.  The simulation is repeated many times and the average 
percentage of functional nodes, P(s,d), is determined for each design (s is the defect size, and d is 
defect density used in the simulation).   A screenshot of a typical Monte Carlo simulation is 
given in Figure 7.3.  
(a) (b)
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Figure 7.3. Monte Carlo defect simulation screenshot for meandering and rectilinear sensor arrays.  Defects are 
shown as black squares, functional sensor nodes are shown in green, and defective sensor nodes are shown in red. 
 
Using the Monte Carlo simulation, the average functionality of rectilinear and stretchable 
interconnect designs are compared in Figure 7.4.  Figures 7.4a, c, e, g analyze sensor arrays that 
are arranged in non-redundant 1x1 sensor array blocks, whereas Figures 7.4 b, d, f, h are sensor 
arrays which are arranged in redundant 2x2 blocks.  In general, stretchable interconnects are less 
robust than their rectilinear counterparts because the longer, meandering, interconnect paths are 
more prone to defects.  To increase the robustness of stretchable interconnects, a redundant 
interconnect design has been introduced (shown in Figures 7.4 e, f, g, h) which contains more 
than one electrically conductive path between adjacent interconnect nodes.  The average 
functionality, P(s,d), of the redundant, stretchable interconnect design is better than that of the 
non-redundant, stretchable design for most defect sizes and densities, which suggests that 
redundant interconnects improve the viability of stretchable interconnects significantly.  It is 
important to note that there are no additional mask layers or process steps needed for the 
fabrication of redundant, stretchable interconnect structures since these structures are fabricated 
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using batch microelectronic fabrication processes.  Monte Carlo defect simulations also quantify 
the effects of grouping sensors into redundant blocks to improve robustness, as shown in Figure 
7.4b, d, f, h. A 16x16 sensor mesh is designed with half the pitch of an 8x8 sensor mesh, and 
sensors are grouped into 2x2 redundant blocks.  In all the simulations, redundant sensor arrays 
have higher average functionality than non-redundant arrays.  
 
Figure 7.4. Monte Carlo simulation results showing average functionality for different designs.   
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7.1.3. Quantifying Robustness XVLQJ³5REXVWQHVV)DFWRU´ 
The Monte Carlo defect simulation estimates the average node functionality, P(s,d), of a 
sensor mesh for a certain defect size s and density d$³UREXVWQHVVIDFWRU´5)of merit is 
developed as a fair method of comparing the robustness of different designs using equations 
similar to those used in semiconductor yield modeling [141, 142].  To calculate RF, the node 
functionality P(s,d) (which is determined by Monte Carlo simulations), is integrated over a range 
of defect densities and defect sizes to obtain an average robustness for a variety of defect 
scenarios.   
 	 ൌ  ?ሺǡ ሻሺሻሺሻ     (7.1) 
where A(s) the defect size distribution, and B(x) the defect density distribution.  Generally, the 
interconnect size distribution A(s) and defect density distribution B(x) are unknown, and are a 
function of the fabrication process and the specific application environment of each interconnect 
mesh structure.  For purposes of comparison, distribution of defect sizes and densities are 
approximated using a Gaussian (normal) distribution whose mean and standard deviation are 
summarized in Tables 7.1 and 7.2.  As shown, the rectilinear interconnect design has a higher RF 
than the stretchable interconnect design.  Also, redundant interconnect designs have a higher RF 
than non-redundant designs and the improvement in the RF can be up to 86% in certain scenarios.  
Table 7.1. Robustness factor (RF) for rectilinear and redundant rectilinear interconnects with various defect size and 
defect density distributions. 
 
Psize 
(Pm) 
Vsize 
(Pm) 
Pdensity 
(mm
-2
) 
Vdensity 
(mm
-2
) 
RF Rectilinear RF Rectilinear 
Redundant 
RF Improvement 
80 40 2 1 0.566 0.660 17% 
100 40 2 1 0.497 0.584 18% 
120 40 2 1 0.421 0.496 18% 
100 40 5 1 0.191 0.294 54% 
100 40 8 1 0.089 0.158 78% 
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Table 7.2. Robustness factor (RF) for meandering and redundant meandering interconnect meshes with various 
defect size and defect density distributions. 
 
Psize 
(Pm) 
Vsize 
(Pm) 
Pdensity 
(mm
-2
) 
Vdensity 
(mm
-2
) 
RF Meandering RF Redundant 
Meandering 
RF Improvement 
80 40 2 1 0.472 0.579 23% 
100 40 2 1 0.407 0.510 25% 
120 40 2 1 0.341 0.434 27% 
100 40 5 1 0.121 0.201 66% 
100 40 8 1 0.049 0.091 86% 
 
7.1.4. Robustness and Interconnect Design 
A fair method of simulating and comparing the robustness of different designs has been 
established; this method will be used to compare various aspects of interconnect mesh design to 
determine general design strategies to maximize robustness. Specifically, the effects of 
interconnect width, separation, and length will be compared.  Simulation parameters are as 
follows: The Monte Carlo simulation uses an 8x8 interconnect mesh with a mean defect size of 
200 Pm (standard deviation of 40 Pm), a mean number of defects ranging from 16 to 24 (with a 
standard deviation of 4).  The interconnect width is varied from 20 Pm to 100 Pm for rectilinear 
interconnects.  Next, redundant interconnect designs are tested, varying the interconnect 
separation from 0 Pm to 400 Pm.  Lastly, interconnect designs with different amounts of 
stretchability are tested.  The resulting robustness factors are depicted in Figure 7.5.   
 As expected, larger interconnect widths have a higher robustness factor.  Larger 
interconnect separations between redundant interconnect designs also yield a higher robustness 
factor because a defect which impacts one interconnect of the redundant pair will less likely 
impact the second interconnect.  Lastly, longer interconnect lengths yield a lower robustness 
factor since a longer interconnect is more prone than a shorter one to be interrupted by a defect.  
Results confirm that interconnect robustness is a strong function of interconnect structure and 
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design, and that there are tradeoffs for increased stretchability through meandering interconnect 
designs; these tradeoffs must be addressed when designing a smart skin sensor array. 
 
Figure 7.5. Monte Carlo simulations investigating the effects of interconnect width, separation, and length on 
robustness factor. 
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7.2. Conical Defects 
7.2.1. Impact of Conical Defects 
In the excimer laser photoablation process, it is impossible to generate a sample that is 
entirely free of conical defects.  Defects may arise from regions of the polymer which are more 
difficult to ablate, or may be caused by re-deposition of ablated material onto the surface [87].  
Experimentally, a high concentration of defects has been observed at heterogeneous interfaces 
between polymer and metal layers, or between the spin-on polymer and the polymer substrate.  
These defects act as a shadow mask for subsequent ablation, as depicted in Figure 7.6a.  As the 
photoablation process continues, the defects form conical structures due to the non-vertical side-
walls of the ablation process, as depicted in Figure 7.6b.  Empirically, a sidewall angle of around 
20 degrees to the vertical is observed in low-fluence ablation (~100 mJ/cm2).  Figure 7.7 shows 
scanning electron micrographs of conical defects affecting interconnect structures. 
 
 
Figure 7.6. Interconnect and conical defect formation showing sloped sidewalls. 
Interconnect used 
as in-situ mask
This conical defect 
affects the interconnect
This conical defect is 
removed during the 
ablation process.
(a)
(b)
(c)
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Figure 7.7. SEM photographs of conical defect formation. (a) Top view showing conical defect formation adjacent 
to interconnect mesh. (b) Cross-sectional view of conical defect. 
 
 
Figure 7.8. The impact of conical defects on the interconnect mesh.  (a) Defect is adjacent to sensor and may impact 
sensitivity and functionality. (b) Defect may affect interconnect stretchability.  (c) Defect is removed during ablation 
process and has no effect on final structure. 
 
 
Most conical defects are benign and will not affect the final interconnect or sensor 
structure after the photoablation process, since these conical defects will be removed when the 
entire substrate is ablated, as described in Figure 7.6c.  However, a fraction of the defects remain 
on the structure after the ablation process.  Defects may change the functionality and sensitivity 
of the sensors, or may impact interconnect stretchability by fusing together adjacent interconnect 
structures and changing the stress distribution of a meandering interconnect structure.  Figure 7.8 
describes the various scenarios.  An analytical model and Monte Carlo simulation will be used to 
(a) Defect adjacent to 
sensor. 
(b) µ'HIHFWDIIHFWV
interconnect stretchability.
(c) Defect has no effect.
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delineate benign defects from malignant defects.  Finite element analysis (FEA) is used to 
determine the effects of conical defects on various sections of interconnect and sensors.   
 
7.2.2. Finite Element Analysis of Conical Defects 
Finite element analysis (FEA) also illustrates the effects of conical defects on 
interconnect stretchability.  Redundant interconnect structure previously simulated to have 29% 
uniaxial stretchability is used as a baseline test; conical defects are strategically placed on certain 
sections of the interconnect.  Defects placed between two layers of interconnects are labeled 
³FULWLFDOGHIHFWV´ because they will likely impact interconnect stretchability.  The resultant 
stretchability is calculated by determining the maximum displacement in the x-axis (uniaxial 
stretchability) where yield stress of the material is not exceeded.  FEA simulations are shown in 
Figure 7.9, and results are summarized in Figure 7.10. 
The majority of conical defects do not significantly affect the interconnect stretchability.  
Conical defects shown in Figures 7.9a, 7.9c, 7.9d, and 7.9e reduce the uniaxial stretchability by 
less than one percent.  Conical defects are more critical when they occur in between adjacent 
interconnect layers.  For example, Figure 7.9b shows a defect occurring between two redundant 
interconnect structures, which reduces the maximum uniaxial stretchability to 21%.  Critical 
defects lie between adjacent interconnect structures and impact stretchability even more 
significantly.  In defect locations shown in Figures 7.9g and 7.9h, stretchability is reduced to less 
than 7 percent.  FEA simulations suggest that most conical defects in adjacent interconnect and 
sensor structures negatively impact functionality; however, critical defects do exist and it 
becomes important to supplement these FEA results with simulations which can estimate the 
probability of a critical defect occurrence. 
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Figure 7.9.  FEA simulation of the effects of conical defects on interconnects.  The defect is circled in red. 
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Figure 7.9. (cont.) FEA simulation of the effects of conical defects on interconnects.  The defect is circled in red. 
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Figure 7.10.  Summary of the impact of conical defects on interconnect stretchability.   
 
  
ANSYS FEA also analyzes the effects of conical defects on sensors functionality and 
readout.  200 Pm x 200 Pm sensors with a 5 Pm beam and 5 Pm air gap are simulated with  
75 kPa (10.9 psi) pressure and the displacement profiles of the beams are compared.   In each 
simulation, a conical defect is placed in a different region of the sensor.  Results are summarized 
in Table 7.3 and detailed in Figure 7.11.  
Table 7.3. Maximum displacement and maximum stress for 200 Pm x 200 Pm sensors with defects. 
 
Defect Location Maximum 
Displacement (Pm) 
Maximum Stress 
(MPa) 
(a) No defect -4.38 31 
(b) Edge -4.37 30 
(c) Beam edge -4.38 36 
(d) Beam center -4.43 32 
 
As shown in Table 7.3, conical defects do not affect the maximum stresses and maximum 
displacements significantly.  While conical defects along the non-flexible edge do not impact 
sensor response (Figure 7.11b), conical defects at the corner of the beam have a minor impact on 
the displacement profile of the beam (Figure 7.11c), and defects at the center of the beam have a 
major impact on the displacement profile of the beam (Figure 7.11d), because the defect 
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constrains the location of the beam such that it is no longer flexible to the applied stress.  A beam 
bending profile change affects sensed capacitance, and sensitivity of the pressure sensor.  To 
summarize, while not all conical defects will adversely affect the pressure sensor operation, 
defects in inopportune locations (near the center of the beam) will dramatically affect the 
pressure sensor behavior. 
 
Figure 7.11. FEA analysis of the impact of defects on sensor functionality.  Sensors are 200 Pm x 200 Pm and 
applied pressure is 75 kPa.   (a) Sensor without defects. (b) Sensor with defects along the non-flexible edge. (c) 
Sensor with defects at the corner of the beam. (d) Sensor with defects in the center of the beam. 
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7.2.3. Analytical Approach 
 
Figure 7.12. Analytical approach to determine defect-prone area for interconnects and sensors.  (a) An arbitrary 
interconnect design can be divided into meandering and rectilinear sections.  (b) Defect-prone area of the rectilinear 
section.  (c) Defect-prone area of the meandering section.  (d) For multilayer interconnects, the overlap area needs to 
be subtracted. (e) Defect-prone area of sensor region. 
 
Interconnect dimensions required for the analytical model are depicted in Figure 7.12.  
The analytical method determines the probability of different defects occurring for simple 
Wi
Rdef
Wi + 2 Rdef
Conical Defect
Interconnect
Defect-prone Area
Wi
Defect-
prone Area
Interconnect
Rint
Wi + 2 Rdef
Wi
Leff
Wi +
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Overlapping area
(a)
(b) (c)
(d)
Rectilinear 
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Meandering 
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scenarios.  If conical defects are uniformly distributed across a substrate, the probability that a 
conical defect will impact an interconnect or sensor is correlated to the area of the interconnect 
and the size of the conical defect.  These assumptions are valid for low defect concentrations and 
small defects where conical defects are assumed to be independent of each other; that is, each 
conical defect is located at least a distance R away from any adjacent conical defect such that 
conical dHIHFWVDUHQRW³IXVHG´ together.   
The probability of conical defects which affect the interconnect structure is described by 
 ܲݎ݋ܾሼ݂݀݁݁ܿݐሽ ൌ ஺೏೐೑೐೎೟஺೟೚೟ೌ೗   (7.2) 
where Atotal is the total area of the interconnect structure, and  Adefect GHVFULEHVWKH³GHIHFW-prone 
area.´  )RUUHFWLOLQHDULQWHUFRQQHFWVWKH³GHIHFW-SURQHDUHD´LVHTXLYDOHQWWRa rectangle with a 
width of 2 Rdef and length Li, where Li is the interconnect section length and Rdef is the radius of 
the conical defect, as shown in Figure 7.12b.  Conical defects cannot form within the metal 
interconnect layer.  In addition, all conical defects that form farther than Rdef from the nearest 
interconnects can be ignored since these conical defects will be removed before the completion 
of the ablation process.    
 ܣௗ௘௙௘௖௧ ൌ ሺ ?  ?ௗܴ௘௙ሻሺܮ௜ሻ (7.3) 
Meandering interconnects are composed of arcs which have a bending radius Rint.  Using 
the same strategy as with rectilinear sections, the defect-prone area of a meandering interconnect 
(as shown in Figure 7.12c) is 
 ܣௗ௘௙௘௖௧ ൌ ቀT೔೙೟ଶS ቁ ൬S ቀܴ௜௡௧ ൅ ௐ೔ଶ ൅ ܴௗ௘௙ቁଶ െ S ቀܴ௜௡௧ ൅ ௐ೔ଶ ቁଶ൰ ൅ 
 ቀT೔೙೟ଶS ቁ ൬S ቀܴ௜௡௧ െ ௐ೔ଶ ቁଶ െ S ቀܴ௜௡௧ െ ௐ೔ଶ െ ܴௗ௘௙ቁଶ൰  (7.4) 
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where Rint is the radius of the arc which describes the meandering interconnect segment and Tint 
is the angle that the arc subtends.  The equation can be simplified to  
 ܣௗ௘௙௘௖௧ ൌ ቀT೔೙೟ଶS ቁ ൫ ?S  ? ௜ܴ௡௧  ?  ?ௗܴ௘௙൯ ൌ  ?  ?T௜௡௧  ? ௜ܴ௡௧  ? ௗܴ௘௙  (7.5) 
7KXVWKH³GHIHFW-SURQHDUHD´RIWKHPHDQGHULQJLQWHUFRQQHFWLVHTXLYDOHQWWRWKHDUHDRID
rectilinear interconnect whose length is proportional to the arclength of the meandering 
interconnect, or T௜௡௧  ? ௜ܴ௡௧.  An arbitrary interconnect design can be generalized to have a 
combination of rectilinear and meandering segments as shown in Figure 7.12a. 
Following the generalization, the defect-prone area of an arbitrary interconnect is 
GHVFULEHGXVLQJWKH³HIIHFWLYHOHQJWK´YDULDEOHLeff, which accounts for the sum of the effective 
lengths of rectilinear and meandering sections. 
 ܮ௘௙௙ ൌ  ?ܮ௜ ൅  ?T௜௡௧ܴ௜௡௧   (7.6) 
 ܣௗ௘௙௘௖௧ ൌ ሺ ?  ?ௗܴ௘௙ሻሺܮ௘௙௙ሻ  (7.7) 
For n interconnect layers and k-level redundancy, the equation scales accordingly. 
 ܣௗ௘௙௘௖௧ ൌ ݇  ? ݊ሺ ?  ? ܴௗ௘௙ሻሺܮ௘௙௙ሻ  (7.8) 
For multilevel interconnects, the overlapping areas where interconnects intersect should be 
subtracted IRUDPRUHDFFXUDWHHVWLPDWHWRDYRLG³GRXEOHFRXQWLQJ´WKHGHIHFW-prone area, as 
shown in Figure 7.12d.  For example, in a 2-layer interconnect without redundancy, the overlap 
area is Asub, 
 ܣ௦௨௕ ൌ  ? ௗܴ௘௙ሺܴௗ௘௙ ൅ ௜ܹሻ  (7.9) 
For the two-layer interconnect system, an accurate defect area is 
 ܣௗ௘௙௘௖௧ ൌ  ?൫ ?  ? ܴௗ௘௙൯൫ܮ௘௙௙൯ െ  ? ௗܴ௘௙ሺܴௗ௘௙ ൅ ௜ܹሻ  (7.10) 
It is difficult to build a generalized form which accurately accounts for the overlap area, since the 
overlapping area and structure will be different for each interconnect design. 
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 A similar approach is used for sensor vulnerability to conical defects, as depicted in 
Figure 7.12e.  The effective area is 
 ܣௗ௘௙௘௖௧ ?௦௘௡௦௢௥ൌ ݊ ቀ ?൫ ௦ܹ௘௡௦௢௥ ൅ ܴௗ௘௙൯൫ܴௗ௘௙൯ቁ  (7.11) 
where Wsensor is the width of the sensor, Rdef is the radius of the conical defect, and n is the 
number of sensors in the mesh.  Results using the analytical model are delineated in the next 
section. 
 
7.2.4. Monte Carlo Approach 
As mentioned, while developing an analytical model for a one-layer system is easy, 
developing an accurate model to predict vulnerability to conical defects for multi-layer systems 
quickly becomes challenging due to the differences in interconnect structure and overlap area. 
Therefore, a Monte Carlo simulation has been developed to more accurately simulate the effects 
of conical defects on multi-level interconnect mesh structures and to complement the analytical 
model.   
First, the interconnect mesh for each layer is drawn in CAD software and imported into 
MATLAB as an image file.  The Monte Carlo simulation uses a midpoint circle algorithm to 
approximate a circle; the midpoint circle algorithm is a computationally effective method for 
drawing circles of arbitrary sizes, approximating the x and y coordinates of the circle.  Using the 
midpoint circle algorithm, n defects are introduced onto the canvas at random, uniformly 
distributed coordinates, and single and multi-layer interconnect designs are imported onto the 
FDQYDV'XULQJWKH³GUDZ´SKDVHGHIHFWVDGMDFHQWWRWKHLQWHUFRQQHFWDUHalso marked as 
³RYHUODSSLQJ´  After a certain number of iterations, the total and average overlapping 
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interconnects are computed to determine the vulnerability of a specific interconnect design to 
conical defects. 
Various meandering and rectilinear designs (Table 7.3) are compared using both the 
analytical model and the Monte Carlo simulations.  Monte Carlo simulations are run for 50 
iterations each, with each iteration generating 200 defects ranging from 0 Pm to 26.67 Pm in size.  
$QDO\WLFDOFDOFXODWLRQVUHTXLUHDQ³HIIHFWLYHOHQJWK´YDULDEOHIRUFRPSOH[LQWHUFRQQHFWGHVLJQV
aQHVWLPDWHGLQWHUFRQQHFW³ILOODUHD´LVused to determine the effective length, Leff.  
 ܮ௘௙௙ ൌ ௐ೛೔೟೎೓మ ஺೔೙೟೐ೝ೎೚೙೙೐೎೟ௐ೔  (7.12) 
where Wi is the effective width of the interconnect, Ainterconnect is the ratio of the interconnect fill 
area, and  Wpitch is the pitch, or spacing between interconnects. The various designs and 
parameters are illustrated in Table 7.4, and results are shown in Figure 7.13. 
In general, the majority of the conical defects that are formed during the ablation process 
do not affect interconnects.  As expected, designs that have a longer effective length (i.e., 
meandering and redundant designs) are more prone to conical defects during the ablation process.  
Larger sensors also cover a larger effective area and are also more prone to conical defects 
during the ablation process.  As shown in Figure 7.13, Monte Carlo and analytical models follow 
similar trends.  However, the analytical model overestimates the severity of conical defects for 
redundant interconnect designs because the analytical model assumes that each interconnect path 
is indepenGHQW5HDOLVWLFDOO\UHGXQGDQWPHDQGHULQJLQWHUFRQQHFWVZLOOKDYHRYHUODSSLQJ³DUHDV´
near the sensor nodes such that a conical defect that impacts one path will also affect the adjacent 
path, lowering the overall probability but increasing the severity of the conical defect since these 
defects will impact the overall stretchability more adversely.  It becomes increasingly difficult to 
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analytically model redundant interconnects; thus it may be more convenient to use Monte Carlo 
simulations to determine the impact of conical defects on complex structures.  
 
Table 7.4. Interconnect design parameters for Monte Carlo simulation and analytical model. 
Design Name Width (Pm) Effective Length (Pm) Fill Area Design 
Design #1 20 500 0.04 
 
Design #2 20 720 0.0576 
 
Design #3 20 795 0.0636 
 
Design #4 20 900 0.0702 
 
Redundant #1 20 1240 
0.0992 
 
 
Redundant #2 20 
1506 
 
0.1205 
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Figure 7.13. Comparison of Monte Carlo simulation and analytical models for conical defects. 
 
A similar strategy is used for calculation of sensor functionality.  If a conical defect falls 
adjacent to a sensor, it may impact the functionality of the sensor as shown in FEA simulations.  
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Analytical and Monte Carlo simulation results are compared in Figure 7.14.   As with previous 
studies, analytical models and Monte Carlo simulations are in close agreement for both 100 Pm x 
100 Pm sensors and 200 Pm x 200 Pm sensors.  A summary of the vulnerability of different 
designs to conical defects is illustrated in Figure 7.15.  
 
Figure 7.14.  Comparison of Monte Carlo and analytical models for conical defects.  
 
Figure 7.15.  Summary of conical defect impact for conical defects with diameters of 10 Pm, 20 Pm, and 30 Pm. 
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7.2.5. Advanced Monte Carlo Simulations 
Section 7.2.4 establishes the validity of Monte Carlo simulation by matching the 
simulation results with analytical models.  This section uses these Monte Carlo simulations to 
estimate the impact of conical defects for scenarios that are difficult to model analytically.  When 
multiple conical defects of sufficient size and density are introduced to an interconnect mesh, the 
defects are no longer independent of each other, and the analytical equations are not accurate in 
estimating the impact of conical defects.  In particular, the goal is to relate the Monte Carlo 
simulation with results from finite element analysis in Section 7.2.2 and to distinguish the benign 
defects from the critical defects on an interconnect mesh. 
 
Figure 7.16. The impact of conical defects on the interconnect mesh.  (a) Defect is adjacent to sensor and may 
impact sensitivity and functionality. (b) Defect fuses two adjacent interconnects, affecting stretchability.  (c) Defect 
is adjacent to an interconnect, and may affect stretchability. (e) Defect is adjacent to another defect.  
 
 
Defects are separated by severity and occurrence in Monte Carlo simulations, as 
illustrated in Figure 7.16.  Type 1 defects are defects which are adjacent to the interconnect mesh 
such that the interconnect stretchability may be somewhat affected.  The probabilities of type 1 
defects are also previously described in Section 7.2.4.  Type 2 defects are those that become 
³DWWDFKHG´WRa type 1 defect, or another type 2 defect.  The premise is that a stand-alone defect 
occurring at that location will have been removed during the ablation process; however, because 
(a) Defect adjacent to 
sensor. 
(b) µ7\SH3¶GHIHFW
(c) µ7\SH1¶GHIHFW
(d) Defect has no effect
(e) µ7\SH2¶GHIHFW
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the defect falls adjacent to another defect, it too will affect the final structure.  Type 3 defects are 
critical defects which occur between adjacent interconnect layers and severely impact the mesh 
stretchability.   The remainder of the simulated defects either occur on metal interconnect 
structures and hence are not physically realizable, or they are removed during the ablation 
process and will not affect the final structure. 
Monte Carlo simulations simulate designs described in Table 7.3.  In the first experiment, 
200 defects are introduced onto an interconnect mesh while varying the defect size from 0 Pm to 
60 Pm, as shown in Figure 7.17.  Next the simulation varies the defect number from 25 to 500, 
keeping the defect size constant at 20 Pm, as shown in Figure 7.18. 
In these simulations, type 2 defects increase significantly as the defect size increases, 
because it is more likely for a defect to lie adjacent to another defect when defects are larger.  
Type 3 defect probability also increases, meaning it becomes more probable that a defect can 
fuse together multiple layers of interconnect.  Interconnect design has a significant effect on type 
3 defects; for example, if the interconnect is designed such that different layers of metal are in 
close proximity with each other, it becomes more probable for a type 3 defect to occur.  In the 
case of redundant interconnects, the meshes from both metal layers are close to each other, so the 
obvious tradeoff for a redundant interconnect design is the increased vulnerability to conical 
defects.  Type 3 GHIHFWVDUH³FULWLFDO´GHIHFWVZKLFKVHYHUHO\DIIHFWVWUHWFKDELOLW\ZKLOHW\SH1 
and type 2 defects are tolerable even though they are aesthetically unfavorable.  Even with 
redundant structures, critical (type 3) defect probability is still low - less than 4 percent for 500 
defects of 20 Pm diameter, and less than 10 percent for 500 defects of 40 Pm diameter. 
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Figure 7.17. Monte Carlo simulations comparing probability of total defects, type 2 defects, and type 3 defects for 
various designs and varying defect size. 
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Figure 7.18: Monte Carlo simulations comparing probability of total defects, type 2 defects, and type 3 defects for 
various designs with 40 Pm defects and defect number varying from 50 to 500. 
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 The Monte Carlo simulation, analytical modeling, and finite element analysis are 
powerful tools for analyzing various interconnect and sensor designs for vulnerability to conical 
defects that are an inevitable side effects of excimer laser photoablation.  These tools can be used 
to optimize designs to minimize the effects of conical defects on mesh functionality.  
 
7.3. Tradeoffs in Stretchability, Redundancy, and Robustness 
Several conclusions can be reached by examining various interconnect designs for 
stretchability, robustness, and vulnerability to conical defects.  To increase stretchability and 
conformability, meandering interconnect structures need to be used.  However, meandering 
designs increase the effective interconnect length, thus increasing the probability that an 
interconnect can be disrupted by a defect, which may cause an open circuit.  To increase 
robustness without sacrificing stretchability, redundant meandering designs can be utilized, 
which provide more than one path between adjacent sensor nodes.  However, redundant designs 
are more prone to conical defects; if a conical defect falls between two meandering structures, it 
may decrease the stretchability of the mesh significantly, as predicted by the FEA models.   
Therefore, the optimal design balances stretchability with robustness and vulnerability to 
conical defects for application-specific needs.  Since metal lines are patterned using a photomask 
and lithography, there are few fabrication limitations, and sensor mesh designs can be optimized 
for specific applications.  As these simulations suggest, it may not be the best strategy to over-
specify the interconnect mesh design for stretchability or redundancy, because there are 
performance tradeoffs to stretchability and redundancy.  Figure 7.19 summarizes performance 
and design tradeoffs for interconnect design.  
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Figure 7.19.  Chart summarizing tradeoffs between stretchability, robustness, vulnerability to conical defects, and 
fabrication complexity for rectilinear, meandering, and redundant meandering interconnects. 
 
 
 
7.4. Large-Area Fabrication and Integration 
7.4.1. Large-Area Fabrication Techniques 
Previous work has investigated fabrication processes at the individual level.  Fabrication 
of sensors, interconnects, and active devices requires a combination of lithography, thin-film 
deposition and patterning, etching, photoablation, and spin-coating processes.  Fortunately, all of 
the proposed fabrication techniques are batch processes such that they can be scaled up to a large 
area, provided that the equipment supports the larger substrate sizes.  Thin-film deposition 
processing, etching, and polymer coating processes have been utilized effectively in the flat 
panel display industry.  Lithography and photoablation processes can take advantage of seamless 
scanning techniques to elegantly pattern large-area substrates.  Polymer substrates are also 
compatible with roll-to-roll fabrication processes where large sheets of substrate are initially 
rolled up and processed in a continuous fashion [65].   
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Figure 7.20. Anvik seamless-scanning lithography system. 
 
To demonstrate feasibility of large-area fabrication, a prototype 50 mm x 50 mm two-
layer redundant interconnect mesh structure is fabricated using a similar process to demonstrate 
large-area adaptability of the processes.  Two 1Pm thick aluminum layers and a 5Pm thick spin-
on polyimide dielectric layer are fabricated on a 25 Pm thick Kapton-E polyimide substrate, as in 
previous experiments.  A large-area photolithography and photoablation system (Anvik Hexscan 
2020SXE) is used instead of a stationary exposure for photoablation (Figure 7.20).  This system 
provides large-area seamless exposures by scanning a hexagonal beam across a large substrate 
without stitching errors (Figure 7.21).  The principles and operation of the large-area lithography 
system are described in detail in previous literature [65, 143].  For these experiments, the 
photoablation process utilized a KrF excimer laser with a pulse repetition rate of 10 Hz and a 
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fluence of 150 mJ/cm2.  For the lithography system, a scan rate of 700 mm/min was used for a 
total of 100 scans for the selective removal of polymer regions.  The Anvik HexScan system 
supports substrates up to 500 mm x 500 mm for patterning of large-area interconnect meshes, 
and can be reconfigured for roll-to-roll processing.  
 
Figure 7.21. Seamless scanning lithography system diagram. (a) Hexagonal beam for seamless stitching lithography. 
(b) Folded projection system diagram used in Anvik Hexscan lithography systems.  Source: [143]. Copyright 2002, 
IEEE, reprinted with permission. 
 
168 
 
7.4.2. Large-Area Fabrication Results 
A 50 mm x 50 mm prototype redundant interconnect structure is fabricated as described 
above, and examined using optical micrographs, as shown in Figure 7.22.  Stretchability and 
conformability to non-planar surfaces is demonstrated by mounting the prototype substrate on 
various surfaces. Note that there are no wrinkles or folds on the structure even when it is placed 
on a spherical object with a very small radius, as shown in Figure 7.22c.  This is possible 
because the mesh-like structure is stretchable and conforms to spherical objects, whereas 
conventional flexible structures fabricated on polymer film have limited conformability to 
spherical objects.   
 
Figure 7.22. 50 mm x 50 mm redundant sensor mesh fabricated using large-area seamless scanning techniques. (a, b) 
Demonstration of sensor mesh flexibility. (c) Conformability to a spherical flask with diameter of 50 mm.  (d) 
Optical micrograph of unit cell of large-area redundant sensor mesh design. 
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7.4.3. Integration of Sensors, Interconnects, and Active Devices 
The fabrication of stretchable interconnects and sensor meshes requires photoablation 
with in-situ masking, which may damage thin films and change the characteristics of active 
devices when subject to high-fluence excimer laser energy.  Thus, it is important to develop a 
compatible fabrication process which allows the integration of sensitive TFT devices in 
conjunction with the stretchable interconnects and sensor meshes fabricated using photoablation.  
 
Figure 7.23.  Proposed integration of TFT switch with sensor and interconnect mesh.  Note that the row line and the 
top electrode of the capacitive pressure sensor protect the TFT switch during the excimer laser photoablation process. 
 
Active devices should be fabricated underneath sensor nodes such that metal electrodes 
which act as in-situ masks also shield the sensitive active regions from excimer laser energy.  
8VLQJWKLVFRQILJXUDWLRQD³VZLWFK´FDQEHIDEULFDWHGDWHDFh sensor node for isolation crosstalk 
reduction.  A conceptualized sensor array design is shown in Figure 7.23.  RTD temperature 
sensors and other supplementary sensors and active devices made from fragile thin-film metals 
may also be shielded from the excimer laser energy using the same strategy.  Multimodal smart 
skin sensor meshes incorporate several capacitive-based sensor types whose structures are 
defined using the same photoablation with in-situ masking process.  Interconnect and sensor 
Row Line
Capacitive Sensor
Gate Line
Column Line
TFT Switch
Column Line
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fabrication is inherently parallelized, as the process for sensor patterning also forms stretchable 
interconnects.   
 
7.4.4. Passivation Methods 
It may be necessary to passivate the overall smart skin sensor mesh package.  Passivation 
of the package protects electronic components from the environment, adding robustness and 
reliability and increasing sensor mesh lifetime.  Passivation of the sensor mesh structure should 
not interfere with sensor operation; furthermore, the passivation layer should provide an interface 
for sensor transduction.  Polydimethylsiloxane (PDMS) is a silicone-based elastomeric material 
that is elastic, biocompatible, and used in a variety of MEMS applications; this material is an 
attractive candidate for passivation layers.  PDMS is available as a liquid precursor and can be 
FXUHGWRYDULRXVVWLIIQHVVHVDOWKRXJKWKH<RXQJ¶VPRGXOXVWHQGVWREHYHU\ORZRQWKHRUGHURI
1 MPa [4].  
PDMS can be cured around interconnect and sensor meshes without damaging the 
original structure.  Finite element analysis verifies that PDMS can successfully interface with 
tactile sensors for pressure sensing and shear stress sensing, as shown in Figure 7.24.  In these 
simulations, a 25 Pm thick PDMS layer is placed on the top surface of the sensor to simulate the 
presence of a passivation layer.  Normal and shear forces are applied to the PDMS surface and 
the resulting sensor displacement of the polyimide structures beneath the PDMS passivation 
layer is observed.  In all cases, it is observed that the sensor nodes behave similarly to previous 
models, indicating that PDMS can be an effective passivation material, and that it transduces the 
necessary forces to pressure and shear stress sensors. 
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Figure 7.24.  FEA simulation for sensor operation with PDMS passivation layer.  (a) 200 Pm x 200 Pm pressure 
sensor: (i) application of 1 MPa of normal pressure, showing displacement of PDMS layer, (ii) displacement of 
sensor structures beneath the PDMS, (iii) maximum stress exhibited by sensor structures.  (b) 20 Pm x 5 shear stress 
sensor: (i) application of 1 MPa of shear pressure, showing displacement of PDMS layer, (ii) displacement of sensor 
structures beneath the PDMS, (iii) maximum stress exhibited by sensor structures.   
 
This chapter has developed an approach to quantify robustness and determine 
vulnerability to conical defects; using these metrics, processes and structures can be optimized 
for maximum viability, when the system is scaled to large-area design.  A proof-of-concept has 
been demonstrated which uses seamless stitching techniques for lithography.  Because all 
processes are batch processes, the fabrication process can be easily scaled up for large-area 
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sensor arrays.  Methods for integration of active devices with sensors and interconnects are also 
suggested, and passivation methods are also discussed for long-term viability of smart skin 
sensor meshes. 
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CHAPTER 8 
DISCUSSION 
 
8.1. Advantages 
This research demonstrates the technology for concurrent fabrication of sensors, 
interconnects, and active devices on a flexible, stretchable, and conformable substrate.  
Stretchability and conformability improve structural robustness by providing mechanical stress 
relief, and are essential for smart skin applications that require the sensor mesh to be mounted on 
non-planar surfaces.  The proposed fabrication process has several important advantages, 
including process simplification, self-aligned layers, design and material versatility, and large-
area scalability.   
In-situ metal masks are useful for fabricating device structures that require metal features, 
because they effectively eliminate one or more mask steps in the microfabrication process.  
Metal layers, which were initially patterned using photolithography, are subsequently used as in-
situ masks for patterning of the polymer material.  Thus, a separate mask is not needed for the 
polymer patterning as would be for the traditional processes.  Photomasks can be costly to the 
semiconductor industry, and the reduction of mask steps helps reduce overall fabrication costs. 
Fabrication is simplified because the photoablation process eliminates several processing 
steps.  In a conventional fabrication process, photoresist is deposited, exposed, and patterned 
before the polymer is etched using reactive ion etching (RIE) with oxygen plasma.  A 
conventional in-situ masking process simplifies the fabrication method, but since RIE is not 
entirely anisotropic, the undercutting of the polymer reduces the mechanical stability of 
interconnect metals and makes this fabrication method impractical.  An alternative process uses 
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photodefinable spin-on polymers for polymer patterning; however, photodefinable polymers are 
more expensive, have inferior mechanical and chemical properties, and still require soft-baking 
and developing processes.  The photoablation etch profile is different from that of a conventional 
etching process in that there is no undercut; therefore, the photoablation process supports in-situ 
masking for patterning.  Furthermore, photoablation directly patterns the polymer material in a 
single process without photoresist ancillaries, which reduces fabrication cost and complexity.   
The in-situ metal masking process is self-aligning, which means the polymer is 
automatically aligned to the metal layers above it.  In a conventional fabrication process, the 
polymer layer would need to be precisely aligned with both metal layers because misalignment 
results in metal overhangs and, consequently, device failure.  Precise alignment is difficult, 
particularly with large substrates because of differences in the coefficients of thermal expansion 
between the substrate and the mask material.  Using the in-situ masking process, the metal 
structures also act as a mask for substrate patterning and these two layers are inherently aligned.  
Note also that this process is not limited by temperature-related alignment problems associated 
with conventional fabrication processes. 
The photoablation with in-situ masking process can be adapted to a variety of materials.  
Photoablation has been demonstrated with different spin-on polymers and polymer substrates.  In 
addition, different metals, such as aluminum and gold, have been demonstrated as in-situ masks.  
Since these metals have high electrical and thermal conductivities, they are practical metals for 
functional interconnects and for in-situ metal masking. In the future, this process can be applied 
to many different types of polymer substrates and spin-on polymers; in particular, the spin-on 
polymer need not be photodefinable, which may support the use of polymers with lower cost and 
superior material properties.  For example, non-photodefinable spin-on polyimides are available 
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with low coefficient of thermal expansion (CTE) and low curing temperatures for compatibility 
with a variety of metals and substrates.  Thermal barriers can be used to significantly increase the 
damage threshold of the in-situ mask which enables higher fluence pulses to be used for effective 
phoablation of polymers that are more difficult to ablate.   
This fabrication process is versatile and accomodates many different interconnect and 
sensor designs.  Metal electrode patterns are defined lithographically and as a batch process such 
that creative sensor and interconnect designs can be investigated without additional processing 
steps.  The versatility has been demonstrated through fabrication of many different interconnect 
designs and various types of sensors.  This versatility also enables optimization of interconnect 
design for stretchability and robustness and simultaneous optimization of sensor geometry 
without increasing fabrication complexity.   
Amorphous semiconducting oxide active devices can be fabricated adjacent to sensors 
and interconnects to improve sensor mesh functionality.  The advantage of this fabrication 
process, which utilizes room-temperature magnetron RF sputtering for the deposition of all thin 
films, is versatility and compatibility.  Room temperature sputtering ensures compatibility with 
polymers with low glass transition temperatures and minimizes thermal stresses between 
heterogeneous layers of thin films.  In addition to compatibility with processing, device testing 
shows reasonable electrical performance that is suitable for smart skin applications. 
The proposed fabrication process is adaptable to large-area processing, since each of the 
individual processes is a batch process.  The prototype redundant interconnect mesh 
demonstrates the feasibility of using the large-area seamless-stitching exposure techniques for 
fabrication of interconnect mesh structures.  Commercially available large-area seamless-
scanning lithography and etching systems will enable efficient adaptation of this process to 
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fabrication of large-area sensor arrays and electronics.  Because large-area metal interconnects 
and the polymer layers can be patterned efficiently, the stretchable interconnect structures can be 
fabricated with high throughput. 
 
8.2. Summary 
There are applications which require flexible, stretchable, and conformable smart skin 
sensor arrays; specific applications for these sensor arrays include structural health monitoring of 
vehicles and infrastructure; tactile feedback for robotics; aerospace applications; electronic 
textiles for patient, soldier, and athlete health monitoring; tactile sensors for flexible displays; 
and low-cost sensors for consumer applications.  These sensor arrays present formidable 
fabrication challenges, so realization of such a sensor array involves novel and creative 
approaches. 
This research develops a novel fabrication process which utilizes photoablation and in-
situ masking for smart skin applications and has important advantages which are highlighted in 
Section 8.1.  Metal patterns serve a dual purpose, being functional electrical sensors and 
interconnects and also acting as in-situ masks, such that polymer thin films and substrates are 
effectively patterned for devices.  In addition, thermal barriers such as silicon dioxide are shown 
to improve the process window where polymer material can be ablated without damaging the in-
situ masks. This work also investigates using a sacrificial polymer layer in conjunction with the 
photoablation process for MEMS structures, and examines selective back-side patterning through 
projection photoablation.  Interconnects, sensors, and active devices are fabricated using this 
suite of unique processes. 
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Single-layer and double-layer interconnect designs have been modeled, fabricated, and 
tested.  Meandering interconnects are observed to have a maximum stretchability ('L/L) of 
greater than 50 percent with a change in resistivity ('R/R) of only 5%. Redundant interconnect 
meshes have also modeled, fabricated, and tested to have a maximum stretchability of 30 percent 
± redundant designs will increase the robustness and viability of interconnects without sacrificing 
stretchability.  
This research models, fabricates, and tests capacitive MEMS pressure sensors.  Individual 
200 µm pressure sensors fabricated using this approach show a capacitance change of 40 fF with 
an applied pressure of 150 kPa, and a capacitance change of 60 fF with an applied pressure of  
500 kPa.  Pressure sensors are fabricated as a 4x4 array connected with redundant stretchable 
interconnects to read out different pressure profiles.  In addition, shear stress sensors and 
condenser microphone structures have been modeled and fabricated to show that the fabrication 
process can be adapted to a wide variety of capacitive MEMS sensors.  Lastly, RTD-based 
temperature sensors have been investigated in this work. 
Active devices are an essential long-term goal for smart skin.  The ability to fabricate 
thin-film transistor (TFT) active devices for stretchable sensor arrays opens up new possibilities 
in data acquisition and conditioning.  In this research, low-temperature fabrication processes for 
amorphous oxide semiconductor (AOS) TFTs on flexible substrates are investigated, using 
room-temperature RF sputtering for InGaZnO and silicon nitride thin-film deposition.  These 
devices have comparable performance to AOS TFTs fabricated on rigid substrates, having an 
electron mobility exceeding 10 cm2/ (V  s), and an on-off current ratio of 106.  Active devices 
can be incorporated in flexible smart skin meshes for signal conditioning, amplification, and 
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rerouting, for sensor isolation, or for digital logic application.  As a proof of concept, InGaZnO 
TFTs are arranged and tested in NAND, NOR, and inverter logic gate structures. 
 This work culminates with investigation of large-area fabrication processes for sensor 
arrays.  All fabrication processes in this work are batch processes that can be scaled with the 
seamless scanning technologies.  A 50 mm x 50 mm interconnect mesh prototype, which uses 
seamless-stitching techniques for photoablation, has been demonstrated as a proof of concept for 
large-area fabrication.  In addition, yield and robustness are important factors in large area design; 
methods for determining interconnect and sensor robustness and vulnerability to photoablation-
generated conical defects are investigated; using these metrics, different designs are 
characterized with regard to yield and robustness. 
 
8.3. Recommendations 
Establishment of fabrication processes, demonstration of interconnects, sensors, and 
active devices, and development of methods to quantify yield and robustness are the first steps to 
establishing a viable smart skin sensor array system.  Future work will expand the capabilities of 
the photoablation with in-situ masking process, optimize interconnect and sensor structures, 
explore new sensor modalities, and integrate active devices with sensors and interconnects on a 
large-area sensor mesh. 
Photoablation has been demonstrated on a few polymer materials using a variety of metals 
and dielectrics as in-situ masks.  Future experiments with fabrication processes will investigate a 
wider variety of polymer substrates and spin-on materials for enhanced fabrication versatility.  A 
simulation and modeling method has been successfully developed to quantify the effects of 
conical defects; developing a better understanding of conical defects will support process 
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optimization to minimize defect formation and improve fabrication yield.  In addition, discovery 
and demonstration of a polymer photoablation etch stop may be very helpful in improving yield 
and process robustness. 
Finite element analysis simulations provide a good method of predicting maximum 
interconnect stretchability and identifying high-stress regions.  Monte Carlo simulations have also 
been developed to estimate interconnect robustness and the impact of conical defects on 
stretchability.   Using  FEA and Monte Carlo simulations of tools, novel interconnect geometries 
will be developed for optimization of meandering interconnect designs to maximize stretchability 
and robustness while minimizing vulnerability to conical defects.  Future experiments include 
characterization of parasitic capacitances and inductances for high-frequency applications, and 
electrical and thermal characterization of thin-film metals and polymers for high-power 
interconnect applications.   
 Capacitive pressure sensors have been successfully fabricated.  Future experiments will 
focus on process optimizations to reduce the variations of sensor response between different 
elements of the array.  Utilizing large-area fabrication techniques, sensor arrays can also be 
fabricated in a large array of capacitive pressure sensors demonstrated with interconnects in this 
work.  Capacitive-based shear stress sensors and condenser microphones have also been 
fabricated and modeled, but have not yet been tested.  Thus, future experiments may establish a 
test methodology for these devices using a setup similar to that for the capacitive pressure sensors.  
The applicability of this fabrication process can be extended to other capacitive MEMS-based 
sensors and actuators such as accelerometers and micromirrors; all capacitive sensors contain two 
metal electrodes which can be used as in-situ masks in this process.   Integration of different 
sensing modes will also be important.  In addition, a compensation or calibration method to 
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reduce sensor readout variation and to improve accuracy can be integrated with the system.  For 
example, a differential readout system for tactile sensors may utilize a system of two sensors 
where one sensor is impervious to pressure changes.    
 This dissertation demonstrates InGaZnO active devices on flexible substrates and uses 
these TFTs for basic logic blocks.  Future experiments will continue research towards logic gates 
and basic computing systems, and perhaps integrating n-channel InGaZnO devices with high-
mobility organic p-type active devices for CMOS logic.  Other applications of active devices for 
smart skin will be investigated, including active devices for switches, signal processing and 
amplification, data re-routing, and communications and power systems circuitry. 
While sensors, interconnects, and active devices have been individually fabricated in this 
work, the integration of all devices is essential to developing large-area, electronic sensor meshes.  
Active devices need to be fabricated concurrently with sensors, and device performance needs to 
be verified after excimer laser photoablation; the protection of the active devices from 
photoablation energy is crucial, so active devices should be fabricated beneath sensor and 
interconnect components.  Steps toward integration may also involve systematic verification of 
large-area compatibility with each individual fabrication process step.  The fabrication of two-
layer in-situ masks with seamless scanning lithography has already been demonstrated; 
additional process steps such as in-situ masking with sacrificial material, and integration with 
back-side photoablation will be crucial in large-area applicability. 
The overall goal of the smart skin concept is to integrate large-area sensor meshes into 
proposed structural health monitoring, robotics, aerospace, or electronics textile applications.  
Therefore, continual research will involve testing sensor meshes in these application-specific 
environments.  For example, tactile sensors will be integrated with robotic hands to monitor the 
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effectiveness of tactile and texture detection.  For structural health monitoring, sensor meshes may 
be mounted on an aircraft wing to determine how effectively they detect compromised structures.  
In addition, sensor meshes will also be evaluated for robustness and conformability to these 
various substrates.  Continued research in these areas will foster the photoablation with in-situ 
masking concept as an effective approach for smart skin sensor arrays, which will open the door 
to many sensing applications. 
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APPENDIX A 
INTERCONNECT MODELING 
 
Finite element analysis (FEA) tools are used for determining maximum stretchability for 
different interconnect designs, as mentioned in Chapter 3.  The maximum stretchability is 
determined by applying a uniaxial displacement to the model and determining the displacement 
which generates a stress larger than the maximum yield stress of the material.  Interconnect 
designs in this study are shown in Figure A.1, and the results are detailed in Figures A.2 to A.9. 
 
Figure A.1. Three-dimensional models of interconnect designs for FEA analysis. 
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Figure A.2. Summary of FEA stress analysis for interconnect design #1.  
 
 
 
Figure A.3. Summary of FEA stress analysis for interconnect design #2.   
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Figure A.4. Summary of FEA stress analysis for interconnect design #3.   
 
 
 
Figure A.5.  Summary of FEA stress analysis for interconnect design #4.   
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Figure A.6.  Summary of FEA stress analysis for interconnect design #5.   
 
 
Figure A.7.  Summary of FEA stress analysis for interconnect design #6. 
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Figure A.8.  Summary of FEA stress analysis for interconnect design #7. 
 
 
 
Figure A.9.  Summary of FEA stress analysis for interconnect design #8.  Contact pads are excluded from this 
model to reduce the number of mesh elements in the simulation. 
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APPENDIX B 
CAPACITIVE PRESSURE SENSOR MODELING 
 
As mentioned in Section 5.1, capacitive pressure sensors are modeled using ANSYS 
finite element analysis (FEA); in the model, a uniform pressure is applied to the top surface of 
the sensor while fixing the bottom surface of the substrate.   FEA structural deformation is 
examined and compared to the behavior predicted by the analytical model.  FEA models also 
estimate the maximum stress of the structure; it is important that the maximum stress does not 
exceed the yield stress of the material.  Figures B.1 to B.4 show a 200 Pm x 200 Pm capacitive 
pressure sensor with 5 Pm polymer beam, 5 Pm composite beam, 8 Pm polymer beam, and 8 Pm 
composite beam.   
 
Figure B.1. FEA model for 200 Pm x 200 Pm pressure with 5 Pm polymer beam.  (a) Structural deformation to 
different amounts of applied pressure. (b) Isometric view of structural deformation under 0.1 MPa of applied 
pressure. (c) Stress of structure under 0.1 MPa of applied pressure.  
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Figure B.2. FEA model for 200 Pm x 200 Pm pressure with 5 Pm polymer and metal composite beam.  (a) 
Structural deformation to different amounts of applied pressure. (b) Isometric view of structural deformation under 
0.5 MPa of applied pressure. (c) Stress of structure under 0.5 MPa of applied pressure.  
 
 
Figure B.3. FEA model for 200 Pm x 200 Pm pressure with 8 Pm polymer beam.  (a) Structural deformation to 
different amounts of applied pressure. (b) Isometric view of structural deformation under 0.5 MPa of applied 
pressure. (c) Stress of structure under 0.5 MPa of applied pressure.  
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Figure B.4. FEA model for 200 Pm x 200 Pm pressure with 8 Pm polymer and metal composite beam.  (a) 
Structural deformation to different amounts of applied pressure. (b) Isometric view of structural deformation under 
0.5 MPa of applied pressure. (c) Stress of structure under 0.5 MPa of applied pressure.  
 
Beam profiles for the FEA are compared with analytical models, as shown in Figures B.5 
to B.8.  Figures B.1 and B.3 assume a polymer beam structure, while Figures B.6 and B.8 
assume a composite beam structure with 1 Pm aluminum metal electrode.   
 
 
Figure B.5. Beam profile of 5 Pm polymer beam under applied pressure. 
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Figure B.6. Beam profile of 5 Pm metal and polymer composite beam under applied pressure. 
 
 
 
Figure B.7. Beam profile of 8 Pm polymer beam under applied pressure. 
 
 
 
 
Figure B.8. Beam profile of 8 Pm metal and polymer composite beam under applied pressure. 
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APPENDIX C 
SHEAR STRESS SENSOR MODELING 
 
As mentioned in Section 5.2, ANSYS FEA confirms the mechanical deformation and 
estimates maximum stresses for shear stress sensor operation.   Shear stresses are applied on the 
top surface of the structure while the bottom surface is held at zero displacement.  The beam 
deformation in x, y, z directions is analyzed and the maximum stresses of the structure are 
observed.  Figures C.1, C.2, and C.3 analyze 20 Pm, 10 Pm, and 5 Pm geometries, while Figures 
C.4 and C.5 DQDO\]HWKH³PRGLILHG´GHVLJQVGHVFULEHGLQSection 5.2. 
 
Figure C.1.  FEA of shear stress design with five 20 Pm beams. (a) Structure. (b) Stress (MPa). (c) X displacement 
(Pm). (d) Y displacement (Pm). (e) Z displacement (Pm). 
192 
 
 
Figure C.2.  FEA of shear stress design with ten 10 Pm beams. (a) Structure. (b) Stress (MPa). (c) X displacement 
(Pm). (d) Y displacement (Pm). (e) Z displacement (Pm). 
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Figure C.3.  FEA of shear stress design with twenty 5 Pm beams. (a) Structure. (b) Stress (MPa). (c) X 
displacement (Pm). (d) Y displacement (Pm). (e) Z displacement (Pm). 
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Figure C.4.  FEA of hybrid design 1. (a) Structure. (b) Stress (MPa). (c) X displacement (Pm). (d) Y displacement 
(Pm). (e) Z displacement (Pm). 
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Figure C.5.  FEA of hybrid design 1. (a) Structure. (b) Stress (MPa). (c) X displacement (Pm). (d) Y displacement 
(Pm). (e) Z displacement (Pm). 
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APPENDIX D 
THIN-FILM TRANSISTOR MEASUREMENTS 
 
As mentioned in Section 6.4, InGaZnO-based thin-film transistors are characterized using 
the Agilent 4155C semiconductor parameter analyzer (SPA).  For log ID vs. VG plots, the gate 
voltage is swept from -5 V to 15 V, holding the drain voltage VD steady at 1 V, unless otherwise 
stated in the chart.  For ID vs. VD data, the drain voltage is swept from 0 V to 15 V, and the gate 
voltage is stepped from 0 V to 5 V.  Figures D.1 to D.7 show electrical characteristics for 
various-sized thin-film transistors ranging from W = 5 Pm, L = 5 Pm to W = 100 Pm, L = 20 Pm.   
 
 
 
Figure D.1.  Electrical test data for W = 100 Pm, L = 20 Pm InGaZnO thin-film transistor device. 
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Figure D.2.  Electrical test data for W = 30 Pm, L = 10 Pm InGaZnO thin-film transistor device. 
 
 
 
 
Figure D.3. Electrical test data for W = 5 Pm, L = 5 Pm InGaZnO thin-film transistor device. 
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Figure D.4. Results for W = 20 Pm, L = 5 Pm InGaZnO thin-film transistor device. 
 
 
 
 
Figure D.5. Results for W = 10 Pm, L = 10 Pm InGaZnO thin-film transistor device. 
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Figure D.6. Results for W = 20 Pm, L = 10 Pm InGaZnO thin-film transistor device. 
 
 
 
 
Figure D.7. Results for W = 50 Pm, L = 50 Pm InGaZnO thin-film transistor device. 
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